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(57) ABSTRACT 

Complex metal oxide-containing pellets and their use for 
producing hydrogen. The complex metal oxide-containing 
pellets are suitable for use in a fixed bed reactor due to 
Sufficient crush strength. The complex metal oxide-contain 
ing pellets comprise one or more complex metal oxides and at 
least one of in-situ formed calcium titanate and calcium alu 
minate. calcium titanate and calcium aluminate are formed by 
reaction of suitable precursors in a mixture with one or more 
complex metal carbonates. The complex metal oxide-con 
taining pellets optionally comprise at least one precious 
metal. 
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HYDROGEN PRODUCTION USING 
COMPLEX METAL OXDE PELLETS 

BACKGROUND 

0001. This patent application is a continuation-in-part of 
U.S. patent application Ser. No. 12/044,460, filed Mar. 7, 
2008 which claims the benefit of U.S. Provisional Applica 
tion Ser. No. 61/026298, filed on Feb. 5, 2008, the specifica 
tion and claims which are incorporated by reference and 
made a part of this application. 
0002) Numerous methods for producing hydrogen gas are 
known in the art. The production of industrial-scale volumes 
of hydrogen is typically accomplished by application of the 
steam-methane reforming process, which entails the catalytic 
reforming of natural gas with steam at elevated temperatures 
(800-950° C.). This process yields a crude synthesis gas, 
which is a mixture of hydrogen, carbon monoxide, and car 
bon dioxide, and the crude synthesis gas is further reacted in 
a catalytic water-gas shift conversion step to convert carbon 
monoxide with water to additional hydrogen and carbon 
dioxide. The shifted synthesis gas is purified to yield a final 
hydrogen product containing greater than 99 Volume '% 
hydrogen. 
0003. An alternative process for the production of hydro 
gen is the partial oxidation of methane to form synthesis gas, 
which is subsequently shifted if necessary and purified. Par 
tial oxidation is known to be highly exothermic. 
0004 Another alternative process to generate synthesis 
gas for hydrogen production is autothermal reforming, which 
is essentially a thermally balanced combination of the steam 
methane reforming process and partial oxidation. One con 
siderable drawback associated with these alternative pro 
cesses is that partial oxidation requires a Supply of high purity 
oxygen gas to the reaction system. Therefore, the use of these 
processes requires the additional step of separating air to 
produce the oxygen gas, and the air separation process 
increases the capital and operating costs of hydrogen produc 
tion. 
0005 More recently, a new process for producing hydro 
gen utilizing complex metal oxides has been disclosed in U.S. 
patent applications Ser. No. 1 1/165,720 (Pub. No. U.S. 2006 
0292066-A1), Ser. No. 1 1/165,731 (Pub. No. US 2006 
0292069-A1), Ser. No. 1 1/339,060 (Pub. No. 2007-0172418 
A1), Ser. No. 1 1/339,806 (Pub. No. US 2007-0172419-A1), 
and Ser. No. 1 1/737,942. 
0006 The hydrogen producing process using complex 
metal oxides may be operated in an autothermal and cyclic 
manner for the synthesis of hydrogen from a hydrocarbon, 
(e.g. methane), Steam and air. It utilizes the complex metal 
oxide as a CO Sorbent and as a source of oxygen for methane 
oxidation during reforming of methane with Steam. In the 
production step of the process, largely pure hydrogen is 
obtained by the reaction of steam and methane in the presence 
of the complex metal oxide and a steam hydrocarbon reform 
ing catalyst. The methane oxidation during the production 
step reaction provides heat for the reforming reaction. During 
the production step, the complex metal oxide Sorbs CO and 
the complex metal oxide is reduced. In the regeneration step 
of the process, the spent complex metal oxide is regenerated 
with air or other oxygen-containing gas, thereby liberating 
CO, and reconstituting the complex metal oxide. 
0007 Complex metal oxide is generally synthesized in a 
powder form. Since the use of powder in a fixed bed reactor 
may result in an unacceptably high pressure drop through the 
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reactor, it would be desirable to form this powder into pellets 
for use in a fixed bed reactor. Pellets are useful to allow a 
reasonable pressure drop through the fixed bed reactor. Pel 
lets may also be useful for ebulated, expanded, or fluidized 
beds. 
0008. It has been found that conventional methods for 
forming pellets are not suitable for forming dimensionally 
stable pellets from complex metal oxides for long term use in 
hydrogen production. Complex metal oxide material under 
goes more than a 40% Volumetric expansion and contraction 
due to the sorption and desorption of CO. Because of the 
expansion and contraction, complex metal oxide-containing 
pellets prepared using conventional binders and conventional 
techniques such as extrusion or pelletization of powder fall 
apart within a few CO Sorption and desorption cycles. Fur 
thermore, complex metal oxide-containing pellets using con 
ventional binders and conventional techniques do not have 
sufficient crush strength to be useful in a fixed bed reactor. 
0009. It would be desirable to produce hydrogen in a fixed 
bed reactor using complex metal oxide-containing pellets 
having structural and dimensional stability. 
0010. It would be desirable to form complex metal oxide 
containing pellets having structural and dimensional stability 
from complex metal oxide powder. 

BRIEF SUMMARY 

0011. The present invention relates to complex metal 
oxide-containing pellets and their use for producing hydro 
gen-containing gas. Complex metal oxide-containing pellets, 
and a reactor, method and process for producing a hydrogen 
containing gas are disclosed. 
0012. The reactor for producing a hydrogen-containing 
gas comprises a bed which contains complex metal oxide 
containing pellets and optionally contains steam-hydrocar 
bon reforming catalyst pellets. At least a portion of the com 
plex metal oxide-containing pellets comprise at least one 
precious metal selected from the group consisting of Pt, Rh 
and Pd when the bed does not contain steam-hydrocarbon 
reforming catalyst pellets. The complex metal oxide-contain 
ing pellets optionally comprise at least one precious metal 
selected from the group consisting of Pt, Rh and Pd when the 
bed does contain steam-hydrocarbon reforming catalyst. 
0013 The method of producing a hydrogen-containing 
gas comprises reacting at least one hydrocarbon with steam in 
a bed which contains complex metal oxide-containing pellets 
and which optionally contains Steam-hydrocarbon reforming 
catalyst pellets in a production step under reaction conditions 
Sufficient to form hydrogen gas and reduced complex metal 
oxide-containing pellets. At least a portion of the complex 
metal oxide-containing pellets comprise at least one precious 
metal selected from the group consisting of Pt, Rh and Pd 
when the bed does not containsteam-hydrocarbon reforming 
catalyst pellets. The complex metal oxide-containing pellets 
optionally comprise at least one precious metal selected from 
the group consisting of Pt, Rh and Pd when the bed does 
contain steam-hydrocarbon reforming catalyst. 
0014. The process of producing a hydrogen-containing 
gas comprises a step of providing a reactor, a production step 
and a regeneration step. The production step and the regen 
eration step are repeated in a cyclic manner. 
0015 The step of providing the reactor includes providing 
a reactor containing a bed which contains complex metal 
oxide-containing pellets and optionally contains steam-hy 
drocarbon reforming catalyst pellets. At least a portion of the 
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complex metal oxide-containing pellets may comprise at 
least one precious metal selected from the group consisting of 
Pt, Rh and Pd when the bed does not contain steam-hydro 
carbon reforming catalyst pellets. The complex metal oxide 
containing pellets may optionally comprise the at least one 
precious metal when the beddoes containsteam-hydrocarbon 
reforming catalyst. 
0016. The production step comprises introducing steam 
and a feed gas containing at least one hydrocarbon and 
optionally a small amount of hydrogen into the reactor, react 
ing the at least one hydrocarbon with the steam in the bed 
under reaction conditions sufficient to form hydrogen and 
reduced complex metal oxide-containing pellets, and with 
drawing a product gas comprising hydrogen from the reactor. 
0017. The regeneration step comprises regenerating the 
reactor by reacting the reduced complex metal oxide-contain 
ing pellets with an oxygen Source gas under reaction condi 
tions sufficient to oxidize the complex metal oxide-contain 
ing pellets and liberate the sorbed carbon dioxide. 
0018 For the reactor, method and process, complex metal 
oxide-containing pellets are utilized. The complex metal 
oxide-containing pellets comprise 30 to 85 mole% of at least 
one of calcium titanate and calcium aluminate, and 15 to 70 
mole % of one or more complex metal oxides. The one or 
more complex metal oxides are represented by the formula 
AB, O. A represents at least one metallic element having an 
oxidation state ranging from +1 to +3, inclusive, wherein the 
at least one metallic element is capable of forming a metal 
carbonate. X is a number from 1 to 10, inclusive. B represents 
at least one metallic element having an oxidation state rang 
ing from +1 to +7, inclusive. y is a number form 1 to 10, 
inclusive. n represents a value Such that the complex metal 
oxide is rendered electrically neutral. The complex metal 
oxide containing pellets have a structure that gives a crush 
strength of 1 to 15 lbf/mm as determined in accordance with 
ASTM Standard test method D 6175-03. 
0019. The complex metal oxide-containing pellets may 
have a structure, or arrangement of particles, wherein the 
crush strength is retained within 1 to 15 lbf/mm after 50 
cycles of reduction and oxidation in a process of producing 
hydrogen. The complex metal oxide-containing pellets may 
have a structure wherein the crush strength is retained within 
1 to 15 lbf/mm after 50 of the production steps and 50 of the 
regeneration steps. 
0020. The complex metal oxide-containing pellets may 
have a structure wherein the crush strength of the complex 
metal oxide-containing pellets are retained within 1 to 15 
lbf/mm after 50 cycles of CO2 sorption and CO desorption 
wherein the CO2 sorption is by exposing the complex metal 
oxide-containing pellets to a humidified reducing gas com 
prising 3 to 4 Vol.% H, 93 to 94 Vol.% CO and 2 to 3 Vol. 
% HO at 750° C. and CO, desorption is by exposing the 
complex metal oxide-containing pellet S to humidified air 
comprising 2 to 3 Vol.% HO at 750° C. 
0021. The calcium titanate may be formed by reaction of 
at least one calcium precursor and TiO2 in a mixture with one 
or more complex metal carbonates associated with the one or 
more complex metal oxides under reaction conditions Suffi 
cient to form calcium titanate. 

0022. The calcium aluminate may be formed by reaction 
of at least one calcium precursor and at least one of alumina 
and aluminum hydroxide in a mixture with one or more 
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complex metal carbonates associated with the one or more 
complex metal oxides under reaction conditions sufficient to 
form calcium aluminate. 
0023 The complex metal oxide-containing pellets may 
comprise 15 to 70 mole% of a single complex metal oxide. 
0024 For some suitable complex metal oxides, A in the 
one or more complex metal oxides may represent at least one 
metallic element selected from the group consisting of ele 
ments of Groups 1, 2, and 3, and the Lanthanide elements of 
the IUPAC Periodic Table of the Elements. B may representat 
least one metallic element selected from the group consisting 
of elements of Groups 4 to 15 of the IUPAC Periodic Table of 
the Elements. 
0025. For some suitable complex metal oxides, B in the 
one or more complex metal oxides may be selected from the 
group consisting of Vanadium, chromium, manganese, iron, 
cobalt, copper, nickel, and mixtures thereof. 
0026. The one or more complex metal oxides may be 
selected from CaMnFeCos, CaMnFe(O, CaCo-Os, 
CaMn2Os, MgCaFeMnOs, SrCoo-Feo.4Cuo.2Oss. 
Sr.NiOs, LaNiO, CaFeOs, and Sr.,MnOs. 
0027. The complex metal oxide-containing pellets may 
comprise 0.1 to 10 mass % or 0.2 to 5 mass % of the at least 
one precious metal selected from the group consisting of Pt. 
Rh, and Pd. 
0028. For some suitable complex metal oxides. A may be 
A' Ca,Mg, and B may be B',Mn, Fe, Here. A represents 
at least one element selected from the group consisting of Sr, 
Ba, a Group 1 element, and an element of the Lanthanide 
series according to the IUPAC Periodic Table of the Elements: 
B' represents at least one element selected from the group 
consisting of Cu, Ni, Co, Cr, and V. Generally, Osxs 1, 
OsXs 1, 0sXs 1, wherein X+x+XX: Osys1, 
0.sys 1, 0sys 1, wherein y+y+y y; 1sXs 10; and 
1sys10. For some suitable complex metal oxides, x=0, 
y=0, 1sXs5, and 1sys5. 
0029. The complex metal oxide-containing pellets may be 
made by a method of making a complex metal oxide-contain 
ing pellet comprising (a) preparing a mixture comprising 
water, at least one complex metal carbonate, at least one 
calcium precursor, at least one of TiO, Al2O, Al(OH) and 
AlO(OH), (b) forming a green pellet from the mixture; (c) 
heating the green pellet; (d) maintaining the green pellet 
within a temperature range for a first time period; (e) heating 
the green pellet further, (f) maintaining the green pellet 
within another temperature range for a second time period; 
and (g) cooling the green pellet to make the complex metal 
oxide-containing pellet. The green pellet is exposed to an 
atmosphere comprising oxygen during at least one of the 
steps (a) through (f). The green pellet may be exposed to an 
atmosphere comprising oxygen during all of the steps (a) 
through (f). 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

0030. The FIGURE is a process flowsheet for the genera 
tion of hydrogen using the disclosed method, process, and 
reactOr. 

DETAILED DESCRIPTION 

0031. The articles “a” and “an as used herein mean one or 
more when applied to any feature in embodiments of the 
present invention described in the specification and claims. 
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The use of “a” and “an does not limit the meaning to a single 
feature unless such a limit is specifically stated. The definite 
article “The preceding singular or plural nouns or noun 
phrases denotes a particular specified feature or particular 
specified features and may have a singular or plural connota 
tion depending upon the context in which it is used. The 
adjective “any means one, some, or all indiscriminately of 
whatever quantity. 
0032. As used herein “at least a portion' means “a portion 
or all. 

0033. In one aspect, the present invention relates to a reac 
tor, a method and a process for producing a hydrogen-con 
taining gas by the reaction of one or more gaseous hydrocar 
bons with gaseous water, i.e. steam, under reaction conditions 
effective to form hydrogen. 
0034. The reactor for producing a hydrogen-containing 
gas comprises a bed containing complex metal oxide-con 
taining pellets and optionally containing steam-hydrocarbon 
reforming catalyst pellets. The reactor may be a fixed-bed 
reactor. The fixed-bed reactor may be a tubular reactor. The 
reactor may be an ebullated, expanded, or fluidized bed reac 
tor. The various reactor types are well-known in the art. In 
order to carry out the steam-hydrocarbon reforming reaction, 
at least a portion of the complex metal oxide-containing pel 
lets may comprise a catalyst material Suitable for steam 
hydrocarbon reforming and/or separate steam-hydrocarbon 
reforming catalyst pellets may be contained in the bed. If 
desired, the bed may additionally contain other types of pel 
lets, flow directing devices, or the like. 
0035. At least a portion of the complex metal oxide-con 
taining pellets may comprise at least one precious metal 
selected from the group consisting of Pt, Rhand Pd when the 
bed does not contain steam-hydrocarbon reforming catalyst 
pellets. Pt, Rh and/or Pd act as a catalyst for the steam 
methane reforming reaction. The complex metal oxide-con 
taining pellets may optionally comprise the at least one pre 
cious metal when the bed does contain steam-hydrocarbon 
reforming catalyst. Therefore three options are considered: 
(1) a bed of complex metal oxide-containing pellets and no 
steam-hydrocarbon reforming catalyst pellets wherein at 
least a portion of the complex metal oxide-containing pellets 
comprise a precious metal. (2) a bed of both complex metal 
oxide-containing pellets and steam-hydrocarbon reforming 
catalyst pellets wherein none of the complex metal oxide 
containing pellets comprise at least one precious metal, and 
(3) a bed of both complex metal oxide-containing pellets and 
steam-hydrocarbon reforming catalyst pellets wherein at 
least a portion of the complex metal oxide-containing pellets 
comprise at least one precious metal. 
0036 When at least one precious metal is included, the 
complex metal oxide-containing pellets may comprise 0.1 to 
10 mass % or 0.2 to 5 mass % of at least one precious metal. 
0037. When both complex metal oxide-containing pellets 
and steam-hydrocarbon reforming catalyst pellets are used, it 
is preferred to have the pellet types distributed more or less 
evenly throughout the bed. 
0038 A pellet is defined herein as a densely packed but 
porous mass formed from smaller particles. Suitable pellets 
may have a characteristic length of between 0.1 mm and 3 
mm. The characteristic length is defined as the volume of the 
pellet divided by the surface area of the pellet. The pellet may 
have any regular or irregular shape as desired. The pellet may 
be in the shape of a sphere, cylinder, tablet or the like. 
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0039. The term “complex metal oxide is defined hereinas 
a chemical compound comprising oxygen and two or more 
elements that are regarded as metals in their pure unoxidized 
state at normal ambient conditions. Complex metal oxides 
may include, for example, ternary or quaternary metal oxides 
comprising two and three metallic elements, respectively, in 
combination with oxygen. In contrast to a complex metal 
oxide, a simple metal oxide is a combination of only one 
element and oxygen and is usually referred to as a binary 
oxide. This distinction between complex and simple oxides is 
further explained with specific illustrations in Comprehen 
sive Inorganic Chemistry, Vol. 2, pp. 729-735, Pergamon 
Press (1975). 
0040. The complex metal oxide-containing pellets com 
prise 30 to 85 mole % of at least one binding agent selected 
from the group consisting of calcium titanate (CaTiO) and 
calcium aluminate. Accordingly, the complex metal oxide 
containing pellets may comprise 30 to 85 mole % of only 
calcium titanate; the complex metal oxide-containing pellets 
may comprise 30 to 85 mole % of only calcium aluminate; 
and the complex metal oxide-containing pellets may com 
prise 30 to 85 mole % of the calcium titanate and calcium 
aluminate in combination. 

0041. As used herein, the term "calcium aluminate' 
means any of the various calcium aluminates, for example 
tricalcium aluminate (3CaO. Al-O.), dodecacalcium hepta 
aluminate (12CaO.7Al2O), monocalcium aluminate (CaO. 
Al-O.), monocalcium dialuminate (CaO.2Al2O), monocal 
cium hexa-aluminate (CaO.6Al-O.), dicalcium aluminate 
(2CaO. Al-O.), pentacalcium trialuminate (5CaO.3 Al-O.), 
tetracalcium trialuminate (4CaO.3Al2O) and mixtures 
thereof. The calcium aluminate may contain a minor amount 
of free CaO that is not tied with alumina. 
0042. The complex metal oxide-containing pellets may 
comprise 30 to 85 mole % of a mixture of tricalcium alumi 
nate and dodecacalcium hepta-aluminate. The complex metal 
oxide-containing pellets may comprise 30 to 85 mole % of a 
mixture of monocalcium aluminate and dodecacalcium 
hepta-aluminate. The complex metal oxide-containing pel 
lets may comprise 30 to 85 mole% of a mixture of tricalcium 
aluminate, monocalcium aluminate and dodecacalcium 
hepta-aluminate. The complex metal oxide-containing pel 
lets may comprise 30 to 85 mole% of a mixture of monocal 
cium aluminate and monocalcium dialuminate. The complex 
metal oxide-containing pellets may comprise 30 to 85 mole% 
of a mixture of monocalcium dialuminate and monocalcium 
hexa-aluminate. 
0043. The complex metal oxide-containing pellets may 
comprise 50 to 75 mole % of at least one binding agent 
selected from the group consisting of calcium titanate and 
calcium aluminate. Accordingly, the complex metal oxide 
containing pellets may comprise 50 to 75 mole % of only 
calcium titanate; the complex metal oxide-containing pellets 
may comprise 50 to 75 mole % of only calcium aluminate; 
and the complex metal oxide-containing pellets may com 
prise 50 to 75 mole % of the calcium titanate and calcium 
aluminate in combination. 
0044) The complex metal oxide-containing pellets com 
prise 15 to 70 mole % of one or more complex metal oxides. 
Accordingly, the complex metal oxide-containing pellets 
may comprise 15 to 70 mole % of a single complex metal 
oxide. The complex metal oxide-containing pellets may com 
prise 15 to 70 mole % of two or more complex metal oxides 
in combination. The complex metal oxide-containing pellets 
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may comprise up to 5, or up to 10, or up to 100 different 
complex metal oxides, as desired. 
0045. The complex metal oxide-containing pellets may 
comprise 25 to 55 mole % of one or more complex metal 
oxides. Accordingly, the complex metal oxide-containing 
pellets may comprise 25 to 55 mole % of a single complex 
metal oxide. The complex metal oxide-containing pellets 
may comprise 25 to 55 mole% of two or more complex metal 
oxides in combination. 
0046. The complex metal oxides are represented by the 
formula AB, O, wherein A represents at least one metallic 
element having an oxidation state ranging from +1 to +3. 
inclusive, wherein the at least one metallic element is capable 
of forming a metal carbonate; X is a number from 1 to 10, 
inclusive; B represents at least one metallic element having an 
oxidation state ranging from +1 to +7, inclusive; y is a number 
form 1 to 10, inclusive; and n represents a value such that the 
complex metal oxide is rendered electrically neutral. 
0047. In the formula for the complex metal oxide. A may 
represent at least one metallic element selected from the 
group consisting of elements of Groups 1, 2 and 3, and the 
Lanthanide elements of the IUPAC Periodic Table of the 
Elements. B may represent at least one metallic element 
selected from the group consisting of elements of Groups 4 to 
15 of the IUPAC Periodic Table of the Elements. Within this 
group, B in the complex metal oxide may be selected from the 
group consisting of Vanadium, chromium, manganese, iron, 
cobalt, copper, nickel, and mixtures thereof. 
0048. The complex metal oxide may be at least one of 
CaMnFeCs, CaMnFe(O, CaCo-Os, CaMnO, MgCaF 
eMnOs, SrCoo-FeoCuo Oss. Sr-Ni2Os. LaNiOs. 
CaFeOs, and Sr.,Mn2Os. 
0049. Alternatively, A in the formula for the complex 
metal oxide may represent A, Ca,M, where A represents at 
least one element selected from the group consisting of Sr, 
Ba, a Group 1 element, and an element of the Lanthanide 
series according to the IUPAC Periodic Table of the Elements. 
B in the formula for the complex metal oxide may represent 
B', Mn, Fe, where B'represents at least one element selected 
from the group consisting of Cu, Ni, Co, Cr, and V. Generally, 
OsX is 1, 0sX2s 1, OsXas 1, wherein X+X2+Xs=X: 
Osys 1, 0sy2s 1, 0syas 1, wherein y+y+yay; 
1sxs 10; and 1 sys10. For some suitable complex metal 
oxides, X=0, y0, 1sXs5, and 1sys5. 
0050. The complex metal oxide-containing pellets may 
have a structure wherein the crush strength is retained within 
1 to 15 lbf/mm after 50 cycles of reduction and oxidation in a 
process of producing hydrogen. The complex metal oxide 
containing pellets may have a structure wherein the crush 
strength is retained within 1 to 15 lbf/mm after 50 of the 
production steps and 50 of the regeneration steps. 
0051. The complex metal oxide-containing pellets may 
have a structure wherein the crush strength of the complex 
metal oxide-containing pellets are retained within 1 to 15 
lbf/mm after 50 cycles of CO, sorption and CO, desorption 
wherein the CO2 sorption is by exposing the complex metal 
oxide-containing pellets to a humidified reducing gas com 
prising 3 to 4 Vol.% H, 93 to 94 Vol.% CO and 2 to 3 Vol. 
% HO at 750° C. and CO desorption is by exposing the 
complex metal oxide-containing pellets to humidified air 
comprising 2 to 3 Vol.% HO at 750° C. 
0052. The calcium titanate may be formed by reaction of 
at least one calcium precursor and TiO2 in a mixture with one 
or more complex metal carbonates associated with the one or 
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more complex metal oxides under reaction conditions suffi 
cient to form calcium titanate. The reaction conditions may 
include a temperature range of 600° C. to 1050° C. and a 
pressure range of 0.1 atm to 100 atm. 
0053. The calcium aluminate may be formed by reaction 
of at least one calcium precursor and at least one of alumina 
and aluminum hydroxide in a mixture with one or more 
complex metal carbonates associated with the one or more 
complex metal oxides under reaction conditions sufficient to 
form calcium aluminate. A complex metal carbonate is asso 
ciated with a complex metal oxide when A and B are the same 
in each. The reaction conditions may include a temperature 
range of 600° C. to 1050° C. and a pressure range of 0.1 atm 
to 100 atm. 

0054 The complex metal oxide-containing pellets may 
have any suitable crush strength and pore Volume. In general, 
the crush strength should range from about 1 lbf/mm (4 
N/mm) to about 15 lbf/mm (67 N/mm), preferably it should 
range from 2 lbf/mm (8 N/mm) to 11 lbf/mm (49 N/mm). 
Most preferably, for a material to be commercially useable as 
a catalyst Support, it is desirable that it have a crush strength 
greater than 2 lbf/mm (8 N/mm) and most preferably, the 
crush strength should range from 2 lbf/mm (8 N/mm) to 9 
lbf/mm (40 N/mm). As referred to herein, the value represent 
ing "crush strength” is determined by the American Society 
for Testing Materials (ASTM) Standard Test Method D6175 
03 “Standard Test Method for Radial Crush Strength of 
Extruded Catalyst and Catalyst Carrier Particles.” 
0055 Suitable steam-hydrocarbon reforming catalyst pel 
lets are known in the art and are available commercially. 
Suitable steam-hydrocarbon reforming process catalysts 
include any materials effective for the reforming of methane 
or higher hydrocarbons with steam to produce hydrogen. 
These materials may include, for example, any of nickel, 
cobalt, the platinum group metals (i.e. ruthenium, osmium, 
rhodium, palladium, platinum, and iridium) and oxides of the 
foregoing metals. The materials may be supported on Zirco 
nia, alumina, or other Suitable Supports known in the art. 
0056. A reactor comprising a bed containing complex 
metal oxide-containing pellets and optionally containing 
steam-hydrocarbon reforming catalyst pellets can be con 
structed by one skilled in the art of hydrogen production. 
Suitable materials for the operating conditions are known. 
The construction of reactors for the production of hydrogen 
are known in the art. 

0057 The reactor may be insulated if desired. The reactor 
may be operated as an adiabatic reactor. 
0058. The method for producing a hydrogen-containing 
gas comprises reacting at least one hydrocarbon with steam in 
a bed of complex metal oxide-containing pellets in a produc 
tion step under reaction conditions sufficient to form hydro 
gen gas and reduced complex metal oxide-containing pellets. 
At least a portion of the complex metal oxide-containing 
pellets may comprise a catalyst material suitable for steam 
hydrocarbon reforming and/or separate steam-hydrocarbon 
reforming catalyst pellets may be contained in the bed as 
described above in the description of the reactor. 
0059. As defined herein, reduced complex metal oxide 
containing pellets are pellets wherein 50 to 100% of the 
complex metal oxide is in a reduced form or reduced oxida 
tion state. The oxidation state of the complex metal oxide may 
be determined by one skilled in the art. 
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0060. The discussion above of the complex metal oxide 
containing pellets and the Steam-hydrocarbon reforming 
catalyst pellets applies also to the method. 
0061 Typically, the bed is maintained at an elevated tem 
perature, and the reforming reactions may be effected in the 
range of 350° C. to 900° C. and more specifically in the range 
of 600° C. to 800° C. These temperatures and pressures are 
Suitable reaction conditions sufficient to form hydrogen and 
reduced metal oxide-containing pellets. The pressure in the 
reactor may range from 1 to 100 atmospheres. Preferred 
reaction conditions for forming hydrogen and reduced metal 
oxide-containing pellets may be determined without undue 
experimentation. 
0062. The process for producing a hydrogen-containing 
gas comprises a step of providing a reactor, and cyclically 
repeated production and regeneration steps. 
0063. The step of providing the reactor includes providing 
a reactor containing a bed comprising complex metal oxide 
containing pellets and optionally comprising steam-hydro 
carbon reforming catalyst pellets. At least a portion of the 
complex metal oxide-containing pellets may comprise a cata 
lyst material Suitable for steam-hydrocarbon reforming and/ 
or separate steam-hydrocarbon reforming catalyst pellets 
may be contained in the bed as described above in the descrip 
tion of the reactor. 
0064. The discussion above of the complex metal oxide 
containing pellets and the Steam-hydrocarbon reforming 
catalyst pellets applies also to the process. 
0065. The production step comprises introducing steam 
and a feed gas containing at least one hydrocarbon into the 
reactor, reacting the at least one hydrocarbon with the steam 
in the bed under reaction conditions sufficient to form hydro 
gen and reduced complex metal oxide-containing pellets, and 
withdrawing a product gas comprising hydrogen (i.e. the 
hydrogen-containing gas) from the reactor. 
0066. Any hydrocarbons may be used which are capable 
of catalyzed reaction with steam to form hydrogen. The at 
least one hydrocarbon may be selected from aliphatic hydro 
carbons having from 1 to 20 carbon atoms, and advanta 
geously may be selected from aliphatic hydrocarbons having 
1 to 6 carbon atoms. Desirably, the feed gas may be selected 
from methane, natural gas, propane, or a mixture of predomi 
nantly C to Caliphatic hydrocarbons. 
0067. The steam and the at least one hydrocarbon may be 
introduced as a gaseous feed mixture. A desirable gaseous 
feed mixture comprises steam and methane. The methane in 
the Steam/methane gaseous mixture may be obtained from 
any suitable source, and may be, for example, natural gas 
from which sulfur compounds have been removed. It is 
advantageous to include a low level of hydrogen, e.g. about 3 
mole % as a product recycle to an inlet to the reactor in order 
to assist in the reduction/activation of the catalyst and possi 
bly to reduce the likelihood of carbon deposition, particularly 
where unreformed natural gas or C and higher hydrocarbons 
are present in the feed. 
0068. The molar ratio of steam to carbon typically ranges 
from about 1:1 to about 4:1 or from about 1.3:1 to 2.5:1. The 
steam to carbon ratio is a common parameter used in the field 
of hydrocarbon reforming. 
0069. The gaseous feed mixture may be a mixture of adia 
batically pre-reformed hydrocarbon feedstock (e.g. natural 
gas) and steam. The adiabatic pre-reforming process is 
effected by heating the hydrocarbon feedstock to a tempera 
ture of about 500° C. and passing the heated gas through an 
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adiabatic nickel catalyst bed. Natural gas typically contains 
about 5% of heavy hydrocarbon fractions, wherein the term 
"heavy’ is understood to mean fractions containing two or 
more carbon atoms. The heavy fractions are typically more 
reactive than methane, and catalytically reform to yield car 
bon dioxide and hydrogen. The resulting gas mixture there 
fore contains a mature of methane, carbon dioxide, Steam and 
hydrogen. The pre-reforming reactions typically are endot 
hermic, and because the reaction usually proceeds adiabati 
cally, the temperature of the resulting gas mixture decreases. 
Typically, the temperature of the gas mixture is reduced to 
about 450° C. after pre-reforming. 
0070 The use of pre-reformed natural gas instead of 
untreated natural gas has associated advantages. First, the 
pre-reforming process generates Some hydrogen, which is 
useful for chemically reducing to an active state the catalyst 
for the Subsequent Steam-methane reforming reaction. Sec 
ond, the removal of the heavy hydrocarbon fractions reduces 
the potential for carbon deposition on the steam-methane 
reforming catalyst. The use of pre-reforming extends the life 
of the catalyst, since carbon deposition ultimately leads to the 
deactivation of the catalyst. 
0071 Typically, the bed is maintained at an elevated tem 
perature, and the reforming reactions may be effected in the 
range of 350° C. to 900° C. and more specifically in the range 
of 600° C. to 800° C. The pressure in the reactor may range 
from 1 to 100 atmospheres. Suitable reaction conditions suf 
ficient to form hydrogen and reduced metal oxide-containing 
pellets may be determined without undue experimentation. 
0072 The regeneration step comprises regenerating the 
reactor by reacting the reduced complex metal oxide-contain 
ing pellets and an oxygen source gas under reaction condi 
tions sufficient to oxidize the complex metal oxide-contain 
ing pellets. The oxygen source may be selected from the 
group consisting of air, oxygen, oxygen-depleted air and mix 
tures thereof. The regeneration pressure may be 0.9 to 2 
atmospheres. The regeneration step may be characterized by 
a regeneration temperature in the range of 450° C. to 900° C. 
0073. The production step may be characterized by a pro 
duction temperature and the regeneration step may be char 
acterized by a regeneration temperature, wherein the regen 
eration temperature may be greater than the production 
temperature and wherein the difference between the regen 
eration temperature and the production temperature may be 
100° C. or less. 
0074 Regeneration of the reactor may be as described in 
as described in U.S. patent application Ser. No. 1 1/165731 
(Pub. No. U.S. 2006/0292069) or U.S. patent application Ser. 
No. 1 1/339,060 (Pub. No. U.S. 2007/0172418). Preferred 
reaction conditions for regeneration may be determined with 
out undue experimentation. 
0075. The process may be operated in a thermoneutral 
manner as discussed in U.S. patent application Ser. No. 
1 1/165,720 (Pub. No. U.S. 2006-0292066-A1). 
0076. The product gas comprising hydrogen may be fur 
ther processed and purified by pressure Swing adsorption or 
other suitable means if desired. 
0077. The complex metal oxide-containing pellets may be 
made by a method of making a complex metal oxide-contain 
ing pellet comprising (a) preparing a mixture comprising 
water, at least one complex metal carbonate, at least one 
calcium precursor, at least one of Al(OH), AlO(OH), AO 
and TiO, (b) forming a green pellet from the mixture; (c) 
heating the green pellet; (d) maintaining the green pellet 
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within a temperature range for a first time period; (e) heating 
the green pellet further, (f) maintaining the green pellet 
within another temperature range for a second time period; 
and (g) cooling the green pellet to make the complex metal 
oxide-containing pellet. The green pellet is exposed to an 
atmosphere comprising oxygen during at least one of the 
steps (a) through (f). The green pellet may be exposed to an 
atmosphere comprising oxygen during all of the steps (a) 
through (f). The atmosphere comprising oxygen may be air. 
0078. As used herein, “green” means not fully processed 
or fully treated. 
0079. In the step of preparing the mixture, the mixture 
comprises at least one complex metal carbonate in an amount 
to provide 15 to 70 mole% or 25 to 50 mole% of the one or 
more complex metal oxides in the complex metal oxide 
containing pellet. The mixture also comprises at least one 
calcium precursor in an amount to provide 30 to 85 mole% or 
55 to 75 mole% of at least one binding agent selected from the 
group consisting of calcium titanate and calcium aluminate in 
the complex metal oxide-containing pellet. The mixture also 
comprises at least one of TiO, Al-O, Al(OH), and AIO(OH) 
in an amount to provide 30 to 85 mole% or 55 to 75 mole% 
of at least one binding agent selected from the group consist 
ing of calcium titanate and calcium aluminate in the complex 
metal oxide-containing pellet. The mixture also comprises 28 
to 36 mass % water. One skilled in the art can calculate the 
amount of starting material to form the desired concentration 
of constituents in the final complex metal oxide-containing 
pellet. 
0080. The complex metal carbonate may be represented 
by the formula A,B,COs), wherein A represents at least one 
metallic element having an oxidation state ranging from +1 to 
+3, inclusive, wherein the at least one metallic element is 
capable of forming a metal carbonate, X is a number from 1 to 
10, inclusive; B represents at least one metallic element hav 
ing an oxidation state ranging from +1 to +7, inclusive; y is a 
number from 1 to 10, inclusive; and n represents a value Such 
that the complex metal carbonate is rendered electrically 
neutral. 

0081. In the formula for the complex metal carbonate. A 
may represent at least one metallic element selected from the 
group consisting of elements of Groups 1, 2 and 3, and the 
Lanthanide elements of the IUPAC Periodic Table of the 
Elements. B may represent at least one metallic element 
selected from the group consisting of elements of Groups 4 to 
15 of the IUPAC Periodic Table of the Elements. Within this 
group, B in the complex metal oxide may be selected from the 
group consisting of Vanadium, chromium, manganese, iron, 
cobalt, copper, nickel, and mixtures thereof. 
0082 For some suitable complex metal carbonates, A in 
the formula for the complex metal carbonate may represent 
A, Ca,Mg, where A represents at least one element 
selected from the group consisting of Sr, Ba, a Group 1 
element, and an element of the Lanthanide series according to 
the IUPAC Periodic Table of the Elements. B in the formula 
for the complex metal carbonate may represent B", Mn, Fe, 
where B' represents at least one element selected from the 
group consisting of Cu, Ni, Co, Cr, and V. Generally, 
OsX is 1, 0sX2s 1, OsXas 1, wherein X+X2+Xs=X: 
Osys 1, 0sy2s 1, 0syas 1, wherein y+y+yay; 
1sxs 10; and 1 sys10. For some suitable complex metal 
carbonates, X=0, y0, 1sXs5, and 1sys5. 
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I0083. At least a portion of the complex metal carbonate 
may have aparticle size between 0 and 74 microns or between 
0 and 44 microns. 
I0084 Complex metal carbonates may be prepared as a 
precipitate. At least one water-soluble salt of A, at least one 
water-soluble salt of Band a carbonate salt and/or bicarbon 
ate salt is reacted in Solution. As used herein the phrase “a 
carbonate salt and/or bicarbonate salt” means either a carbon 
ate salt and bicarbonate salt, or a carbonate salt or a bicarbon 
ate salt. For complex metal carbonate preparation, the car 
bonate salt and/or bicarbonate salt is present in a molar 
amount that is at least 3 times the Stoichiometric amount of 
carbonate and/or bicarbonate salt required to form a mole of 
carbonate precipitate represented by the formula AB,(CO) 
whereinn is a number that renders the carbonate precipitate 

Substantially charge neutral. This means that the carbonate 
salt and/or bicarbonate salt is present in the reaction mixture 
in a molar amount that is at least 3 times the value of n in the 

formula A,B,COs), wherein, in addition to representing the 
number that renders the carbonate precipitate substantially 
charge neutral, in represents the Stoichiometric number of 
moles of carbonate needed to form the carbonate precipitate. 
Thus, at least 3 times the Stoichiometric amount means that3n 
moles of carbonate and/or bicarbonate salt are required to 
produce 1 mole of A,B,CO.), 
I0085. The carbonate salt and/or bicarbonate salt may be 
present in the reaction mixture in a molar amount that is at 
least 5 times or at least 7 times the stoichiometric value of n. 
I0086. The TiO, may be in Anatase form. Alumina may be 
in the form of gamma alumina. Aluminum hydroxide may be 
in the form of boehmite. The TiO, alumina and aluminum 
hydroxide may have particle sizes between 0 and 10 microns. 
I0087. The calcium precursor may be selected from the 
group consisting of CaO, CaCOs, Ca(OH), Ca(NO) and 
Ca(CH-CO). The calcium precursor may have a particle 
size between 0 and 10 microns. 
I0088. The mixture may optionally further comprise 0.1 to 
5 mass % or 1 to 3 mass % of a pore former. The pore former 
may be methocel pore former or other pore former known in 
the art. Suitability of various pore former may be determined 
without undue experimentation. 
I0089. The mixture may optionally further comprise 0.2 to 
10 mass % or 0.2 to 5 mass % of at least one precious metal 
selected from the group consisting of Pt, Rh, and Pd. 
0090. In the step of forming the pellet, the pellet may be 
formed by extruding the mixture through a die. Alternatively, 
the pellet may be formed by compressing the mixture in a 
mold. Any method of forming a pellet known in the art may be 
used. 
0091. In the step of heating the green pellet, the green 
pellet is heated from a first temperature, T, to a second 
temperature, T., at a first average heating rate between 0.1° 
C./minute to 10° C./minute. The first temperature T, is 
within a first temperature range, wherein the first temperature 
range is between 5° C. and 50°C. The first temperature may 
be room temperature (about 25°C.). The second temperature 
T2 is a minimum temperature, T2, of a second temperature 
range, the second temperature range extending from the mini 
mum temperature, T of the second temperature range to 
a maximum temperature, T, of the second temperature 
range. The minimum temperature, T., of the second tem 
perature range may be 600° C. or 650° C. and the maximum 
temperature, T, of the second temperature range may be 
700° C. or 750° C. 



US 2009/O 196822 A1 

0092. In the step of heating the green pellet, the time to 
heat from the first temperature to the second temperature is 
the first heating time, t. The first average heating rate is 
defined as 

T - T. 

0093. In the step of maintaining the green pellet within a 
temperature range for a first time period, the green pellet is 
maintained within the second temperature range and the first 
time period is between 15 minutes and 4 hours. When main 
taining the temperature within the second temperature range, 
the temperature may be increased and/or decreased within the 
second temperature range. 
0094. In the step of heating the green pellet further; the 
green pellet is heated from the maximum temperature, T, 
of the second temperature range to a third temperature, T., at 
a second average rate of 0.1° C./minute to 10° C./minute, 
wherein the third temperature is a minimum temperature, 
T of a third temperature range, the third temperature 
range extending from the minimum temperature, T, of the 
third temperature range to a maximum temperature, T, of 
the third temperature range wherein the minimum tempera 
ture, T, of the third temperature range is 900° C. and the 
maximum temperature, T of the third temperature range 
is 1050° C. 
0095. In the step of heating the green pellet further, the 
time to heat from the maximum temperature, T, of the 
second temperature range to the third temperature, T, is the 
second heating time, t. The second average rate is defined as 

T3 - Tana 

0096. In the step of maintaining the green pellet within 
another temperature range for a second time period, the pellet 
is maintained within the third temperature range and the 
second time period is between 15 minutes and 4 hours. When 
maintaining the temperature within the third temperature 
range, the temperature may be increased and/or decreased 
within the third temperature range. 
0097. In the step of cooling the green pellet, the pellet is 
cooled to a fourth temperature, T, wherein the fourth tem 
perature is within a fourth temperature range. The fourth 
temperature range is between 0° C. and 50° C. The fourth 
temperature may be, for example, room temperature. Cooling 
may be by one or more of natural convection, forced convec 
tion, conduction and radiation. The rate or method of cooling 
is not critical. 
0098. The pellets area product by process of the method of 
making a complex metal oxide-containing pellet. 
0099. The generation of hydrogen from hydrocarbons and 
steam using the method, process and reactor may be illus 
trated by way of exemplary process flowsheet of the FIG 
URE. 
0100. A hydrocarbon-containing feed gas, for example, 
methane provided by natural gas, optionally mixed with 1-15 
mole % hydrogen, flows via conduit 1 at a pressure in the 
range of 100 to 600 psia to preheat exchanger 3 and is heated 
therein to a typical temperature in the range of about 200° C. 
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to about 400° C. by heat exchange with a hot process stream 
(later defined) supplied via conduit 5. The feed may be des 
ulfurized using metal promoted carbon (not shown) prior to 
conduit 1, or using ZnO(not shown) afterpreheating but prior 
to conduit 7. The heated feed flows via conduit 7 and open 
valve 9 and is mixed with process steam provided via conduit 
11 to form a hydrocarbon-steam feed mixture. Alternatively, 
steam may be added prior to valve 9 if desired (not shown). 
0101 The steam-hydrocarbon mixture is introduced into 
heat exchange Zone 13 and is further heated therein by heat 
exchange with a hot process stream (later defined). The heat 
exchange Zone described here can be a recuperative or a 
conventional heat exchanger. Heat exchange can take place 
against any of the hot streams exiting the reactor. The steam 
hydrocarbon mixture may be heated to a temperature in the 
range of about 350° C. to about 900°C., and typically may be 
in the range of about 600° C. to about 800° C. The heated 
mixture then is introduced via conduit 16 into reactor 17, 
which has a bed packed with complex metal oxide-containing 
pellets and optionally steam-hydrocarbon reforming catalyst 
as discussed for the method, process and reactor. Alterna 
tively, the heat exchange Zone can be a portion of the reactor 
itself, at either or both of its ends, and conduits may not be 
necessary. The reactor 17 itselfmay be substantially adiabatic 
and insulated, preferably by an internal lining of refractory 
material(s). The feed mixture reacts in the bed to form pri 
marily hydrogen and carbon dioxide, and, in much smaller 
amounts, carbon monoxide. The carbon dioxide is substan 
tially retained by reaction with the complex metal oxide in the 
bed. 
0102 The inventory of chemically bound oxygen avail 
able for reaction, i.e., the oxygen associated with the complex 
metal oxide and steam reactants, may be adjusted in the 
reactor design so that the reaction product effluent stream 
leaves reactor 17 via conduit 19 at a time-averaged tempera 
ture between about 400° C. and about 800° C. The reaction 
product effluent stream flows via conduit 15 to heat exchange 
Zone 13, where it is cooled to a temperature in the range of 
about 250° C. to about 500° C. by heat exchange with incom 
ing reactants as earlier described, or regenerant as described 
below. The cooled reaction product effluent stream exits heat 
exchange Zone 13 via open valve 21 and is further cooled in 
heat exchange Zone 3 and optionally boiler 23 to yield a 
further cooled reaction product effluent stream in conduit 25 
at a typical temperature of 40°C. Any condensate is knocked 
out at this point (not shown). 
0103) The cooled reaction product stream containing 
hydrogen, Small amounts of carbon dioxide, carbon monox 
ide and unreacted methane is introduced into pressure Swing 
adsorption (PSA) system 27 and is separated therein to yield 
a high-purity hydrogen product containing at least 99 Vol.% 
hydrogen that is withdrawn via conduit 29. Components 
removed from the hydrogen by the PSA system typically 
include carbon dioxide, water, methane and carbon monox 
ide, and these are withdrawn in a waste gas via conduit 31 
during the blowdown and purge steps typically used in PSA 
process cycles. Any PSA cycle and system known in the art 
may be used in the process described in this and other 
embodiments of the invention. The waste gas in conduit 31 
typically contains combustible components and may be used 
as fuel in a fired boiler, 33, or in a direct fired heater to preheat 
regenerant air (not shown). 
0104. The mixture of complex metal oxide material and 
steam-hydrocarbon reforming catalyst in reactor 17 has a 
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finite inventory of chemically bound oxygen and a finite 
reaction capacity for carbon dioxide. Once either of these is 
exhausted, the purity and yield of hydrogen in the reaction 
product effluent stream leaving reactor 17 via conduit 19 will 
begin to decrease. The time at which this occurs can be 
determined by real-time analysis of the stream by any known 
analytical means, such as, for example, in-line IR spectros 
copy. At this point, reactor 17 is Switched to regeneration 
mode by closing valve 9 and depressurizing the reactor via 
conduits 19, conduit 32, conduit 35, open valve 37, and con 
duit 39, wherein the hydrocarbon-containing blowdown gas 
is introduced into boiler 33 or a direct fired air heater (not 
shown). At this point, valve 41 remains closed. The blow 
down can be cocurrent or countercurrent. In case the blow 
down is countercurrent, the piping would need to be modified 
accordingly. 
0105 Valve 37 is then closed, valve 41 is then opened and 
reactor 17 is purged with a suitable purge gas Such as steam or 
nitrogen to remove residual hydrocarbons from the reactor 
Void volume. In this embodiment, steam for purge is provided 
via conduit 11 and flows through heat exchanger 13 and 
conduit 16 into the reactor. Purge effluent gas leaves the 
reactor via conduits 19 and 32, flows through heat exchanger 
43, open valve 41, conduit 45, heat exchanger 47, and conduit 
49 into boiler 33. The purge may be cocurrent or countercur 
rent with appropriate modifications to the flowsheet, easily 
recognized by one skilled in the art. 
0106 A particular feature of this embodiment is that the 
switching valves such as valve 9 or 51 are on the cooler side 
of the heat exchange Zones 13 or 43. While this requires each 
reactor to be associated with its individual heat exchange 
Zone, it does ease the mechanical requirements and operating 
life of the switching valves. It is possible to combine heat 
exchange Zones 13 and 43 into a single heat exchanger (not 
shown here), but that would require the valves to be reposi 
tioned to the hotter side of the heat exchange Zone. 
0107 The figure shows the heat exchange Zones to be of 
the conventional type where heat exchange between streams 
is contemporaneous. The heat exchange Zones could also be 
recuperative in nature (not shown), where heat from a cooling 
stream is stored in the heat capacitance of the Zone, and 
released to a warming stream in a Subsequent step. The Zones 
would comprise of inert Solids Such as ceramic pellets or 
firebrick. They could be located in a separate vessel, or form 
a portion of the reactor vessel itself at either or both ends, 
adjacent to the reaction Zone which is the active Zone filled 
with mixed metal oxide and reforming catalyst. 
0108 Regeneration of reactor 17 then is initiated by open 
ing previously-closed valve 51. Air is provided via intake 
conduit 55 to compressor 57 and is compressed therein to 
about 15 to 100 psia and the compressed air in conduit 59 is 
preheated in heat exchanger 47 to about 250° C. to about 500 
C., and introduced via conduit 61 and valve 51 into the heat 
exchange Zone 43. The air is further heated in heat exchange 
Zone 43 against hot exhaust gas from conduit 32 (later 
described), or hot reactor effluent as described earlier, to a 
temperature between about 500° C. and about 900° C., typi 
cally from about 700° C. to about 800° C. The heated airflows 
via conduits 53 and 16 into reactor 17, and the oxygen in the 
air regenerates the complex metal oxide material by oxidizing 
the reduced (spent) metal oxide and releasing the carbon 
dioxide previously reacted with the complex metal oxide 
material. The carbon dioxide-rich, oxygen-depleted regen 
eration off-gas leaves the reactor via conduit 19 and conduit 
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32 at a temperature in the range of about 600° C. to about 900° 
C. and typically from about 650° C. to about 800° C. The hot 
regeneration off-gas in conduit 32 is introduced into heat 
exchange Zone 43 (this may be integrated with heat exchange 
Zone 13) to heat the air entering via valve 51 as earlier 
described, or to heat the hydrocarbon-steam feed mixture as 
earlier described, whereby the off-gas is cooled to a tempera 
ture in the range of about 350° C. to about 600°C. The cooled 
regeneration off-gas flows via valve 41 and is further cooled 
to a temperature in the range of about 200° C. to about 300° C. 
in heat exchanger 47, thereby heating compressed air stream 
59 as earlier described. The cooled regeneration off-gas 
stream in conduit 49 still contains some residual oxygen, and 
may be introduces into boiler 33 for additional heat recovery. 
0109 Following the substantial regeneration of reactor 17 
by removal of most or all of the carbon dioxide retained 
therein during the reaction step, the reactor may be purged 
with an inert gas and repressurized with Steam, feed gas, or 
product gas. Following repressurization, the reactor proceeds 
to the reaction step and the cycle is repeated as described 
earlier. 
0110 Reactor 63 is operated through the same cycle steps 
described above for reactor 17, but the cycle of reactor 63 is 
staggered so that it operates in the regeneration mode when 
reactor 17 operates in the reaction or hydrogen production 
mode. Hydrocarbon-containing feed gas flows via valve 65, 
steam is added via conduit 67, the feed-steam mixture is 
heated in heat exchanger 13, and the heated feed flows via 
conduits 69 and 71 to reactor 63. Reaction product gas leaves 
the reactor via conduits 72 and 73, is cooled in heat exchanger 
13, and flows via valve 75, conduit 5, heat exchanger 3, boiler 
23, and conduit 25 to PSA system 27. Regeneration air is 
provided to reactor 63 via valve 77, heat exchanger 43, and 
conduit 71, and blowdown or depressurization gas exits via 
conduit 81, valve 83, and conduit 39 into boiler 33. Regen 
eration off-gas leaves reactor 63 via conduit 85, heat 
exchanger 43, and valve 87, and then flows via conduit 45, 
heat exchanger 47, and conduit 49 to boiler 33. 
0111 Reactors 17 and 63 thus are operated in a staggered 
sequence between the hydrogen production and regeneration 
modes by the proper operation of switch valves 9, 21, 37, 41, 
51, 65, 75, 77, 83, and 87 as described above. Operation with 
two parallel reactors with constant hydrogen product flow is 
possible when the elapsed time of the hydrogen production 
mode is equal to or greater than that of the regeneration mode. 
However, any suitable number of reactors in parallel may be 
used in staggered operation to achieve continuous hydrogen 
production. In practice, the duration of the hydrogen produc 
tion step using a particular complex metal oxide may be 
different than the duration of the regeneration step. For 
example, if the regeneration step is twice as long as the 
production step, a configuration employing three parallel 
beds may be advantageously used whereintwo beds are being 
regenerated while the third bed is used for hydrogen produc 
tion. 
(O112 U.S. patent application Ser. No. 1 1/339,060 (Pub. 
No. U.S. 2007/0172418) discloses a similar process flow 
sheet utilizing four parallel beds, which may be suitably 
adapted for the method, process and reactor for generating 
hydrogen. 

EXAMPLES 

0113. The following examples illustrate the dimensional 
stability of pellets made according to the method of making a 
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complex metal oxide-containing pellet and various other 
methods. The examples are not intended to limit the invention 
to any of the specific details described therein. 
0114 Complex metal carbonate powder used in the 
examples was prepared by the following method. 
0115 Several batches of carbonate powder with the nomi 
nal composition of CaFeMn(CO)s were prepared by pre 
cipitation of soluble salts in aqueous NaHCO. An aqueous 
solution was prepared by dissolving Ca(NO)O4H2O, 
Fe(NO),09H2O, and MnClO4HO in deionized waterina 
2 to 1 to 1 molar ratio. 
0116. The resulting solution volume was 40 ml with a 
Ca" concentration of 0.46 M. A flask containing 300 ml of 
1.0MNaHCO, was heated to between 80 to 95°C. and stirred 
vigorously. Some batches included a CO gas purge. The 
Ca—Fe—Mn solution was added dropwise to the NaHCO 
Solution, resulting in a brownish precipitate. Once the pre 
cipitation was complete, the solid was collected by filtration 
and rinsed repeatedly. Following brief air drying, the solid 
was added to 1 L of water, stirred briefly, filtered, and rinsed 
repeatedly. This washing procedure was repeated a second 
time. The product was dried at 100° C. for 12 hours in an air 
purged oven. 
0117 Complex metal oxide powder used in some of the 
examples was prepared by the following method. Complex 
metal oxide powder was prepared by placing complex metal 
carbonate powder in a porcelain crucible and heating the 
powder in an airpurged oven to 100° C. for 2 hours, followed 
by heating at a rate of 2°C./minute to a temperature of 750 
C. and maintaining at 750° C. for 12 hours. The product was 
a black Solid complex metal oxide powder with a composition 
of CaFeMnOs. 
0118. In each of the examples, samples were subjected to 
a CO, sorption/desorption cycle test. The test was performed 
using a thermogravimetric analyzer (TGA). A sample was 
placed in the TGA and heated to either 700° C. or 750° C., as 
noted in each example, while purging the sample with an inert 
nitrogen gas stream. The sample was exposed to either dry or 
humidified reducing gas containing CO for 30 minutes to 
chemically adsorb carbon dioxide from the gas mixture, 
thereby forming CaCO and simultaneously reducing the oxi 
dation state of the Fe/Mn oxides present in the oxide material 
by transferring oxygen to the feed gas. 
0119 The dry reducing gas was about 4 Vol.% H and 96 
Vol.% CO. Humidified reducing gas was made by bubbling 
the dry reducing gas through water at room temperature. This 
resulted in a humidified reducing gas having about 2 to 3 Vol. 
% water. 
0120. The gain in weight due to sorption of CO by the 
oxide material was recorded by the TGA. After the sample 
was heated to 700° C. or 750° C. and was saturated with CO, 
the sample was regenerated by exposing the sample to either 
dry or humidified air for 30 minutes. Humidified air was made 
by bubbling air through water at room temperature. The expo 
Sure to air decomposed the CaCO, raised the oxidation state 
of the Fe/Mn oxides present in the sample, and reformulated 
the sample back to its original composition. 
I0121 The weight loss due to CO., removal from the 
sample was recorded again by the TGA. The cycling between 
exposing the sample to the reducing gas and air was repeated 
for a specified number of cycles noted in each example. 

EXAMPLE1 

0122 Abatch of pellets was prepared by mixing complex 
metal oxide powder with 2 mass % organic binder based on 
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the mass of the complex metal oxide powder and dry pressing 
the powder into /s inch diameter pellets. Some of the pellets 
were calcined at 1000° C. and others at 1100° C. The perfor 
mance of these pellets was tested for 15 cycles in the TGA 
using a dry atmosphere as described above for the CO2 sorp 
tion/desorption cycle test. The sorption of CO was carried 
out at 700° C. and the desorption at 750° C. 
(0123 Pellets calcined at 1000° C. and 1100° C. showed 
good initial CO sorption capacity of 23-24 mass %, but the 
capacity started to decrease after about 10 cycles. The CO 
Sorption capacity continued to decrease with every additional 
cycle, and was considerably lower than the initial capacity 
after 15 cycles. Examination of the pellets after the cycle test 
revealed that the pellets grew considerably in size and had 
essentially Zero crush strength. 
0.124. This example illustrates that dimensionally stable 
pellets can not be prepared by simply pressing complex metal 
oxide powder with an organic binder. 

EXAMPLE 2 

0.125. Abatch of pellets was prepared by mixing complex 
metal oxide powder with 20 mass % of the inorganic binder 
bentonite, 2 mass % methocel pore former and water. Another 
batch of pellets was prepared by mixing complex metal oxide 
powder with 20 mass % of the inorganic binder calcium 
aluminate, 2 mass % methocel pore former and water. Mass 
percentages are based on the mass of the complex metal oxide 
powder. The mixtures were extruded through a one-inch 
screw extruder to form pellets. The pellets were dried at 120° 
C. and then calcined at 1000° C. for 2 hours. 
0.126 The bentonite-containing pellets and calcium alu 
minate-containing pellets were each tested by exposing them 
to 50 cycles of the CO, sorption/desorption cycle test in the 
TGA using a dry atmosphere described above for the CO 
sorption/desorption cycle test. Sorption of CO was carried 
out at 700° C. and desorption at 750° C. Both groups of pellets 
showed an initial CO2 sorption capacity of about 22 mass %. 
The CO Sorption capacity of the pellets did not change even 
after 50 cycles, but they grew considerably in size and fell 
apart upon removal from the TGA. 
I0127. This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal oxide 
powder mixed with an inorganic binder, such as bentonite or 
calcium aluminate. 

EXAMPLE 3 

I0128. A number of different pellets were prepared to test 
the effect of mixing either complex metal carbonate or com 
plex metal oxide with inorganic alumina binder in the form of 
gamma alumina and water. The gamma alumina was prepared 
by dispersing boehmite powder in a 0.05 N nitric acid solu 
tion. A mixture was formed by mixing either complex metal 
carbonate or complex metal oxide with 30 to 50 mass % 
inorganic alumina binder in the form of gamma alumina 
based on the mass of carbonate or oxide powder, and with 0 to 
2 mass % pore former in the form of urea, NaCl, or mineral 
oil. The mixture as used to prepare /16 inch diameter pellets 
by extruding in a lab-scale extruder. 
I0129. The pellets that were prepared without pore former 
were dried at 120° C. and then heated from room temperature 
to 900° C. at a heating rate of 5°C/minute in a single calci 
nation step. The final calcination temperature of 900°C. was 
maintained for 1 hour. 
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0130. The pellets that were prepared with a pore former 
were dried at 120° C. and then calcined in two steps in a 
controlled manner. They were heated at 2 C./minute or 5° 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
either 60 or 120 minutes to burn off pore former and consoli 
date the structure of the pellets. The pellets were then heated 
at a heating rate of 5°C/minute from 600° C. to 900° C. The 
calcination temperature was maintained at 900° C. for 2 
hours. 
0131 The various pellets were each tested by exposing 
them to 50 cycles of the CO, sorption/desorption cycle test in 
the TGA using a dry atmosphere described above for the CO 
Sorption/desorption cycle test. Both sorption and desorption 
of CO were carried out at 700° C. These pellets showed an 
initial CO Sorption capacity ranging from 8 mass % to 12 
mass %. The CO, sorption capacity of the various pellets did 
not change even after 50 cycles, but they grew considerably in 
size and lacked Suitable crush strength. The post analysis of 
the pellets revealed formation of minor amount of calcium 
aluminate by the reaction of the calcium present in the com 
plex metal oxide and gamma alumina. 
0132) This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal car 
bonate or complex metal oxide powder mixed with an inor 
ganic binder that reacts with the calcium present in the car 
bonate or oxide. 

EXAMPLE 4 

0.133 Pellets as prepared in Example 3 were tested by 
exposing them to 50 cycles of the CO, sorption/desorption 
cycle test in the TGA using a humidified atmosphere. Both 
sorption and desorption of CO were carried out at 700° C. 
These pellets showed an initial CO Sorption capacity ranging 
from 8 mass % to 12 mass %. The CO, sorption capacity of 
the pellets began to decrease slowly with each additional 
cycle. The pellets grew considerably in size and lacked Suit 
able crush strength after the 50 cycles. Post analysis of the 
pellets showed signs of formation of considerable amount of 
calcium aluminate by the reaction between calcium present in 
the complex metal oxide and gamma alumina, resulting in a 
slow decrease in CO2 sorption capacity. 
0134. This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal car 
bonate or complex metal oxide powder mixed with an inor 
ganic binder that reacts with the calcium present in the com 
plex metal carbonate or oxide. 

EXAMPLE 5 

0135 Pellets as prepared in Example 3 were tested by 
exposing them to 50 cycles of the CO, sorption/desorption 
cycle test in the TGA using a humidified atmosphere. Both 
sorption and desorption of CO were carried out at 750° C. 
These pellets showed an initial CO Sorption capacity ranging 
from 8 mass % to 12 mass %. The CO, sorption capacity of 
the pellets decreased rapidly with each additional cycle. The 
pellets grew considerably in size and lacked suitable crush 
strength after the 50 cycles. Post analysis of the pellets 
showed significant amount of calcium aluminate formation 
by the reaction between calcium present in the complex metal 
oxide and gamma alumina, resulting in a sharp decrease in 
CO Sorption capacity. 
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0.136. This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal car 
bonate or complex metal oxide powder mixed with an inor 
ganic binder that reacts with the calcium present in the com 
plex metal carbonate or oxide. 

EXAMPLE 6 

0.137. A mixture was formed by mixing complex metal 
oxide with 40 mass % inorganic alpha alumina binder based 
on the mass of oxide powder, 2 mass % methocel pore former, 
and water. The mixture as used to prepare /16 inch diameter 
pellets by extruding in a lab-scale extruder. 
(0.138. The pellets were dried at 120° C. and then calcined 
in two steps in a controlled manner. They were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
60 minutes to burn off pore former and consolidate the struc 
ture of the pellets. The pellets were then heated at a heating 
rate of 5°C/minute from 600° C. to 900° C. The calcination 
temperature was maintained at 900° C. for 2 hours. 
0.139. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO, 
Sorption/desorption cycle test. Both sorption and desorption 
of CO were carried out at 700° C. These pellets showed an 
initial CO2 sorption capacity ranging from 12 mass % to 14 
mass %. The CO2 sorption capacity of the pellets began to 
decrease slowly with each additional cycle. After 50 cycles, 
the pellets grew considerably in size and lacked suitable crush 
strength. Post analysis of the pellets showed signs of forma 
tion of calcium aluminate by the reaction between calcium 
pressing in the complex metal oxide and alpha alumina, 
resulting in a slow decrease in CO., sorption capacity. 
0140. This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal oxide 
powder mixed with an inorganic binder that reacts with the 
calcium present in the complex metal oxide. 

EXAMPLE 7 

0141 Pellets as prepared in Example 6 were tested by 
exposing them to 50 cycles of the CO, sorption/desorption 
cycle test in the TGA using a humidified atmosphere. Both 
sorption and desorption of CO were carried out at 750° C. 
These pellets showed an initial CO2 sorption capacity of 
about 5 mass %. The CO, sorption capacity of the pellets 
decreased rapidly with each additional cycle. The pellets 
grew considerably in size and lacked suitable crush strength 
after the 50 cycles. Post analysis of the pellets showed sig 
nificant amount of calcium aluminate formation by the reac 
tion between calcium present in the complex metal oxide and 
alpha alumina, resulting in a sharp decrease in initial and 
Subsequent CO2 sorption capacity. 
0142. This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal car 
bonate or complex metal oxide powder mixed with an inor 
ganic binder that reacts with the calcium present in the car 
bonate or oxide. 

EXAMPLE 8 

0.143 A mixture was formed by mixing complex metal 
oxide with 40 mass % inorganic calcium titanate binder based 
on the mass of oxide powder, 5 mass % methocel pore former, 
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and water. The mixture as used to prepare /16 inch diameter 
pellets by extruding in a lab-scale extruder. 
0144. The pellets were dried at 120° C. and then calcined 
in two steps in a controlled manner. They were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
60 minutes to burn off pore former and consolidate the struc 
ture of the pellets. After the first step, one group of pellets was 
heated at aheating rate of 5°C/minute from 600° C. to 1000° 
C. The calcination temperature was maintained at 1000° C. 
for 2 hours. After the first step, another group of pellets was 
subsequently heated at a heating rate of 5°C/minute from 
600° C. to 1100° C. The calcination temperature was main 
tained at 1100° C. for 2 hours. 
0145 The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a dry atmosphere described above for the CO, sorption/ 
desorption cycle test. Both sorption and desorption of CO 
were carried out at 700° C. These pellets showed an initial 
CO Sorption capacity ranging from 10 mass % to 14 mass %. 
The CO, sorption capacity of the pellets did not change even 
after 50 cycles., but the pellets grew considerably in size and 
lacked Suitable crush strength. 
0146 This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal oxide 
powder mixed with conventionally prepared inorganic 
binder. 

EXAMPLE 9 

0147 A mixture was formed by mixing complex metal 
oxide with 40 mass % inorganic calcium titanate binder based 
on the mass of oxide powder, 2 mass % methocel pore former, 
and water. The mixture as used to prepare /16 inch diameter 
pellets by extruding in an extruder. 
0148. The pellets were dried at 120° C. and then calcined 
in two steps in a controlled manner. They were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
60 minutes to burn off pore former and consolidate the struc 
ture of the pellets. After the first step, the of pellets were 
heated at aheating rate of 5°C/minute from 600° C. to 1000° 
C. The calcination temperature was maintained at 1000° C. 
for 2 hours. 
014.9 The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a dry atmosphere described above for the CO, sorption/ 
desorption cycle test. Both sorption and desorption of CO, 
were carried out at 700° C. These pellets showed an initial 
CO, sorption capacity of only about 4.5 mass %. The CO 
sorption capacity of the pellets did not change even after 50 
cycles, but the pellets grew considerably in size and lacked 
Suitable crush strength. 
0150. This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal oxide 
powder mixed with conventionally prepared inorganic 
binder. 

EXAMPLE 10 

0151. A mixture was formed by mixing complex metal 
oxide with 50 mass % inorganic calcium titanate binder based 
on the mass of oxide powder, 2 mass % methocel pore former, 
and water. The mixture as used to prepare /16 inch diameter 
pellets by extruding in a lab-scale extruder. 
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0152 The pellets were dried at 120° C. and then calcined 
in two steps in a controlled manner. They were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
60 minutes to burn off pore former and consolidate the struc 
ture of the pellets. After the first step, the of pellets were 
heated at a heating rate of 5°C/minute from 600° C. to 900° 
C. The calcination temperature was maintained at 900° C. for 
2 hours. 

0153. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
Sorption/desorption cycle test. The sorption of CO was car 
ried out at 700° C. and the desorption of CO carried out at 
750° C. These pellets showed an initial CO sorption capacity 
of 9 to 11 mass%. The CO, sorption capacity of the pellets did 
not change even after 50 cycles, but the pellets grew consid 
erably in size and lacked Suitable crush strength. 
0154) This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal oxide 
powder mixed with conventionally prepared inorganic 
binder. 

EXAMPLE 11 

0.155. A mixture was formed by mixing complex metal 
oxide with 50 mass % inorganic calcium titanate binder based 
on the mass of oxide powder, 2 mass % methocel pore former, 
and water. The mixture as used to prepare /16 inch diameter 
pellets by extruding in a lab-scale extruder. 
0156 The pellets were dried at 120° C. and then calcined 
in two steps in a controlled manner. They were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
60 minutes to burn off pore former and consolidate the struc 
ture of the pellets. After the first step, the of pellets were 
heated at aheating rate of 5°C/minute from 600° C. to 1100° 
C. The calcination temperature was maintained at 1100° C. 
for 2 hours. 

(O157. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
sorption/desorption cycle test. The sorption of CO was car 
ried out at 700° C. and the desorption of CO carried out at 
750° C. Thesepellets showed an initial CO, sorption capacity 
of 9 to 10 mass %. The CO, sorption capacity of the pellets did 
not change even after 50 cycles, but the pellets grew consid 
erably in size and lacked Suitable crush strength. 
0158. This example illustrates that dimensionally stable 
pellets can not be prepared by extruding complex metal oxide 
powder mixed with conventionally prepared inorganic 
binder. 

EXAMPLE 12 

0159. In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing complex metal 
carbonate, calcium oxide, titanium dioxide, 2 mass % metho 
cel pore former, and about 30 mass % water. Calcium oxide 
and titanium dioxide were provided in a stoichiometric 
amount to form, in-situ, about 50 mass % inorganic calcium 
titanate binder based on the mass of the complex metal oxide 
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formed from the complex metal carbonate. The calcium oxide 
powder was made by decomposing calcium carbonate at 900 
C 

0160 The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a lab-scale extruder. The green 
pellets were dried at 120° C. and then calcined in two steps in 
a controlled manner. The pellets were heated at 0.5° 
C./minute from room temperature to 750° C. in a furnace in 
air. The calcination temperature was maintained at 750° C. for 
2 hours to consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 750° C. 
to 1000°C. The greenpellets were maintained at 1000° C. for 
2 hours to further consolidate the structure and form calcium 
titanate in-situ. The green pellets were then cooled down to 
room temperature to form the pellets in final form. 
0161 The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO, 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of 9 to 10 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets retained their shape, and size and maintained Suitable 
crush strength. 
0162 This example illustrates that dimensionally stable 
pellets can be prepared by the method of making a complex 
metal oxide-containing pellet described above. 

EXAMPLE 13 

0163. In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing complex metal 
carbonate, calcium oxide, titanium dioxide, 2 mass % metho 
cel pore former, and about 30 mass % water. Calcium oxide 
and titanium dioxide were provided in a stoichiometric 
amount to form, in-situ, about 50 mass % inorganic calcium 
titanate binder based on the mass of the complex metal oxide 
formed from the complex metal carbonate. The calcium oxide 
powder was made by decomposing calcium carbonate at 900 
C 

0164. The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a lab-scale extruder. The green 
pellets were dried at 120° C. and then calcined in two steps in 
a controlled manner. The pellets were heated at 0.5° 
C./minute from room temperature to 750° C. in a furnace in 
air. The calcination temperature was maintained at 750° C. for 
2 hours to consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 750° C. 
to 1050° C. The greenpellets were maintained at 1050° C. for 
2 hours to further consolidate the structure and form calcium 
titanate in-situ. The green pellets were then cooled down to 
room temperature to form the pellets in final form. 
0.165. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO, 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 700° C. These pellets showed an initial 
CO, sorption capacity of about 9 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets retained their shape, and size and maintained Suitable 
crush strength. 
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0166 This example illustrates that dimensionally stable 
pellets can be prepared by the method of making a complex 
metal oxide-containing pellet described above. 

EXAMPLE 1.4 

0167. In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing complex metal 
carbonate, calcium oxide, titanium dioxide, and about 30 
mass % water. No pore former was used. The complex metal 
carbonate was sieved to pass through 200 US mesh screen 
prior to its use, resulting in complex metal carbonate particles 
less than about 74 microns. Calcium oxide and titanium diox 
ide were provided in a stoichiometric amount to form, in-situ, 
about 50 mass % inorganic calcium titanate binder based on 
the mass of the complex metal oxide formed from the com 
plex metal carbonate. The calcium oxide particles were less 
than 10 microns as were the titanium dioxide particles. 
0.168. The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C. and then calcined in three steps 
in a controlled manner. The pellets were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
10 minutes consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 600° C. 
to 700° C. The greenpellets were maintained at 700° C. for 30 
minutes to further consolidate the structure of the pellets. The 
green pellets were then heated at a heating rate of 5' 
C./minute from 700° C. to 1000° C. The green pellets were 
maintained at 1000°C. for two hours to form calcium titanate 
in-situ. The green pellets were then cooled down to room 
temperature to form the pellets in final form. 
0169. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 11 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets retained their shape and maintained suitable crush 
strength. There was a very slight change in the dimensions of 
the pellets. 
0170 This example illustrates that dimensionally stable 
pellets can be prepared by the method of making a complex 
metal oxide-containing pellet described above. 

EXAMPLE 1.5 

0171 In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing complex metal 
carbonate, calcium oxide, titanium dioxide, and about 30 
mass % water. No pore former was used. The complex metal 
carbonate was sieved to pass through 325 US mesh screen 
prior to its use, resulting in complex metal carbonate particles 
less than about 44 microns. Calcium oxide and titanium diox 
ide were provided in a stoichiometric amount to form, in-situ, 
about 50 mass % inorganic calcium titanate binder based on 
the mass of the complex metal oxide formed from the com 
plex metal carbonate. The calcium oxide particles were less 
than 10 microns as were the titanium dioxide particles. 
0172. The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
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pellets were dried at 120° C. and then calcined in three steps 
in a controlled manner. The pellets were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
10 minutes consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 600° C. 
to 700° C. The greenpellets were maintained at 700° C. for 30 
minutes to further consolidate the structure of the pellets. The 
green pellets were then heated at a heating rate of 5° 
C./minute from 700° C. to 1000° C. The green pellets were 
maintained at 1000° C. for 2 hours to form calcium titanate 
in-situ. The green pellets were then cooled down to room 
temperature to form the pellets in final form. 
0173 The pore volume and median pore diameter of the 
pellets were determined by a mercury porosimeter. The pore 
volume of the pellets was about 0.35 cc/g and the median pore 
diameter was about 3600 A. 
0.174. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 11 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets retained their shape and maintained suitable crush 
strength. There was a very slight change in the dimensions of 
the pellets. 
0.175. This example illustrates that dimensionally stable 
pellets can be prepared by the method of making a complex 
metal oxide-containing pellet described above. 

EXAMPLE 16 

0176). In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing complex metal 
carbonate, calcium oxide, titanium dioxide, and about 30 
mass % water. No pore former was used. The complex metal 
carbonate was sieved to pass through 200 US mesh screen 
prior to its use, resulting in complex metal carbonate particles 
less than about 74 microns. Calcium oxide and titanium diox 
ide were provided in a stoichiometric amount to form, in-situ, 
about 50 mass % inorganic calcium titanate binder based on 
the mass of the complex metal oxide formed from the com 
plex metal carbonate. The calcium oxide particles were less 
than 10 microns as were the titanium dioxide particles. 
0177. The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C. and then calcined in two steps in 
a controlled manner. The pellets were heated at 0.5° 
C./minute from room temperature to 750° C. in a furnace in 
air. The calcination temperature was maintained at 750° C. for 
2 hours consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 750° C. 
to 1000°C. The greenpellets were maintained at 1000° C. for 
2 hours to further consolidate the structure of the pellets and 
to form calcium titanate in-situ. The green pellets were then 
cooled down to room temperature to form the pellets in final 
form. 
0.178 The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 11 mass %. The CO, sorption 
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capacity of the pellets did not change even after 50 cycles. The 
pellets did not retain their size and shape and did not maintain 
Suitable crush strength. 
0179 This example illustrates that the maximum tempera 
ture of the first heating step should be below about 750° C. in 
order to form dimensionally stable pellets. 

EXAMPLE 17 

0180. In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing complex metal 
carbonate, calcium oxide, titanium dioxide, and about 30 
mass % water. No pore former was used. The complex metal 
carbonate was sieved to pass through 325 US mesh screen 
prior to its use, resulting in complex metal carbonate particles 
less than about 44 microns. Calcium oxide and titanium diox 
ide were provided in a stoichiometric amount to form, in-situ, 
about 50 mass % inorganic calcium titanate binder based on 
the mass of the complex metal oxide formed from the com 
plex metal carbonate. The calcium oxide particles were less 
than 10 microns as were the titanium dioxide particles. 
0181. The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C. and then calcined in two steps in 
a controlled manner. The pellets were heated at 0.5° 
C./minute from room temperature to 750° C. in a furnace in 
air. The calcination temperature was maintained at 750° C. for 
2 hours to consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 750° C. 
to 1000°C. The greenpellets were maintained at 1000° C. for 
2 hours to further consolidate the structure of the pellets and 
to form calcium titanate in-situ. The green pellets were then 
cooled down to room temperature to form the pellets in final 
form. 
0182. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO, 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 12 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets did not retain their size and shape and did not maintain 
Suitable crush strength. 
0183 This example illustrates that the maximum tempera 
ture of the first heating step should be below about 750° C. in 
order to form dimensionally stable pellets. 

EXAMPLE 1.8 

0184. In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing complex metal 
carbonate, calcium carbonate, titanium dioxide, and about 30 
mass % water. No pore former was used. The complex metal 
carbonate was sieved to pass through 325 US mesh screen 
prior to its use, resulting in complex metal carbonate particles 
less than about 44 microns. Calcium carbonate and titanium 
dioxide were provided in a stoichiometric amount to form, 
in-situ, about 50 mass % inorganic calcium titanate binder 
based on the mass of the complex metal oxide formed from 
the complex metal carbonate. The calcium carbonate par 
ticles were less than 10 microns as were the titanium dioxide 
particles. 
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0185. The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C. and then calcined in three steps 
in a controlled manner. The pellets were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
10 minutes to consolidate the structure of the green pellets. 
The green pellets were then heated at 0.5° C./minute from 
600° C. to 700° C. The green pellets were maintained at 700° 
C. for 30 minutes to further consolidate the structure of the 
pellets. The green pellets were then heated at a heating rate of 
5°C/minute from 700° C. to 1000°C. The greenpellets were 
maintained at 1000° C. for 2 hours to form calcium titanate 
in-situ. The green pellets were then cooled down to room 
temperature to form the pellets in final form. 
0186 The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO, 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 10 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets retained their size and shape and maintained Suitable 
crush strength. 
0187. This example illustrates that dimensionally stable 
pellets can be prepared by the method of making a complex 
metal oxide-containing pellet described above. 

EXAMPLE19 

0188 In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing complex metal 
carbonate, calcium carbonate, aluminum oxide in the form of 
boehmite, methocel as a pore former and about 30 mass % 
water. 2% pore former was added based on the weight of the 
Solid. The complex metal carbonate was sieved to pass 
through 200 US mesh screen prior to its use, resulting in 
complex metal carbonate particles less than about 74 
microns. Calcium carbonate and aluminum oxide were pro 
vided in a stoichiometric amount to form, in-situ, about 50 
mass % inorganic calcium aluminate binder in the form of 
CaO. Al-O. The mass of calcium carbonate, aluminum 
oxide, and complex metal oxide used in the mixture was 
selected to provide 50% by mass complex metal oxide formed 
by the decomposition of complex metal carbonate and 50% 
by mass calcium aluminate form by in-situ reaction of cal 
cium carbonate and alumina. The calcium carbonate particles 
were less than 10 microns as were the aluminum dioxide 
particles. 
0189 The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C. and then calcined in three steps 
in a controlled manner. The pellets were heated at 2 
C./minute from room temperature to 600° C. in a furnace in 
air. The calcination temperature was maintained at 600° C. for 
10 minutes to consolidate the structure of the green pellets. 
The green pellets were then heated at 0.5° C./minute from 
600° C. to 700° C. The green pellets were maintained at 700° 
C. for 30 minutes to further consolidate the structure of the 
pellets. The green pellets were then heated at a heating rate of 
5°C/minute from 700° C. to 1000°C. The greenpellets were 
maintained at 1000° C. for 2 hours to form calcium titanate 
in-situ. The green pellets were then cooled down to room 
temperature to form the pellets in final form. 
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(0190. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 10 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets retained their size and shape and maintained Suitable 
crush strength. 
0191 This example illustrates that dimensionally stable 
pellets can be prepared by the method of making a complex 
metal oxide-containing pellet described above. 

EXAMPLE 20 

0.192 This example describes the use of dimensionally 
stable pellets prepared according to the present invention for 
producing hydrogen in a cyclic manner. Pellets prepared in 
Examples 14 and 15 were mixed together. Approximately 60 
grams of mixed pellets were weighed and then mixed with 
close to 60 g of nickel-based steam methane reforming cata 
lyst. The steam-methane reforming catalyst was ground to 
pass through US 30 mesh screen but retained by US 20 mesh 
screen. The pellet-catalyst mix was loaded into a tubular 
reactor, approximately 1 inch in diameter, that was electri 
cally heated from outside. The mix was pressurized to 400 
psig pressure and heated to 775°C. under the flow of an inert 
nitrogen stream. When the temperature was stabilized, a flow 
of 600 sccm of steam was initiated through the reactor. There 
after, a flow of 25 sccm of hydrogen and 200 sccm of methane 
was initiated through the reactor. The steam to methane ratio 
in the feed gas was about 3:1. The product gas was passed 
through a heat exchanger to condense steam and then through 
a gas liquid separator to remove condensate from the product. 
The composition of product gas exiting the reactor was con 
tinuously monitored for the concentration of hydrogen, car 
bon dioxide, carbon monoxide and unreacted methane. 
0193 The product gas exiting the reactor contained close 
to about 90% hydrogen, 9% methane and less than 1% of both 
carbon monoxide and carbon dioxide. The production of 
large amount of hydrogen and trace amounts of carbon oxides 
continued for about 20 minutes at which point the complex 
metal oxide pellets were saturated with carbon dioxide and 
retained no longer carbon dioxide. The concentration of car 
bon oxides and methane started to increase after 20 minutes 
and that of hydrogen decreased with time. After about 30 
minutes the flow of methane and hydrogen was stopped and 
the reactor pressure was reduced to close to atmospheric 
pressure. A flow of air at 200 sccm was initiated to regenerate 
complex metal oxide pellets. 
0194 The concentration of hydrogen, carbon monoxide 
and methane in the product gas decreased to close to Zero after 
2 to 3 minutes and the concentration of carbon dioxide started 
to increase, indicating release of carbon dioxide and regen 
eration of pellets. The flow rate of air was continued for a total 
of 90 minutes and then stopped. The reactor was purged 
briefly and then pressurized with nitrogen to 400 psig. This 
represented one full cycle of producing hydrogen and regen 
erating pellets. 
0.195 The hydrogen production followed by regeneration 
of pellet cycle was repeated for a total of 64 cycles. Thereaf 
ter, the reactor was cooled underinert nitrogen gas and pellets 
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were recovered and tested for crush strength and dimensions. 
The pellets retained their shape and maintained suitable crush 
strength. 

EXAMPLE 21 

0196. In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing about 65 g complex 
metal carbonate, about 38 g calcium oxide (0.68 mole), about 
33.5g aluminum oxide in the form of boehmite, 2 g Methocel 
as a pore former and about 65 g water. The complex metal 
carbonate was sieved to pass through 200 US mesh screen 
prior to its use, resulting in complex metal carbonate particles 
less than about 74 microns. Boehmite contained about 75% 
pure aluminum oxide. So, the amount of aluminum oxide 
used was about 0.25 moles. The amounts of calcium oxide 
and alumina were selected to form in-situ calcium aluminate 
binder having an effective composition of about 11CaO. 
4Al-O (likely a mixture of dodecacalcium hepta-aluminate 
and monocalcium aluminate) during calcination. The mass of 
calcium oxide, aluminum oxide, and complex metal oxide 
used in the mixture was selected to provide 50% by mass 
complex metal oxide formed by the decomposition of com 
plex metal carbonate and 50% by mass calcium aluminate 
formed by in-situ reaction of calcium oxide and alumina. The 
calcium oxide particles were less than 10 microns as were the 
aluminum dioxide particles. 
0197) The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C., then calcined in three steps in a 
controlled manner. The pellets were heated at 2°C./minute 
from room temperature to 600° C. in a furnace in air. The 
calcination temperature was maintained at 600° C. for 30 
minutes to consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 600° C. 
to 700° C. The greenpellets were maintained at 700° C. for 30 
minutes to further consolidate the structure of the pellets. The 
green pellets were then heated at a heating rate of 5° 
C./minute from 700° C. to 1000° C. The green pellets were 
maintained at 1000° C. for 2 hours to form calcium titanate 
in-situ. The green pellets were then cooled down to room 
temperature to form the pellets in final form. 
0198 The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 12.5 mass %. The CO, sorp 
tion capacity of the pellets did not change even after 50 cycles. 
The pellets retained their size and shape. The initial and final 
diameter of pellets was about 1.2 mm. The initial crush 
strength of the pellets was 1.7 lb/mm. It increased to 2.3 
1b/mm after 50 cycles. 

EXAMPLE 22 

0199. In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing about 65 g complex 
metal carbonate, about 36 g calcium carbonate, which was 
equivalent to 0.36 moles of CaO, about 33.5 g aluminum 
oxide in the form of boehmite, and about 49 g water. The 
complex metal carbonate was sieved to pass through 200 US 
mesh screen prior to its use, resulting in complex metal car 
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bonate particles less than about 74 microns. Boehmite con 
tained about 75% pure aluminum oxide. So, the amount of 
aluminum oxide used was about 0.25 moles. The amounts of 
calcium oxide and alumina were selected to form in-situ 
calcium aluminate binder in the form an effective composi 
tion of about 3CaO.2Al-O during calcination. The mass of 
calcium oxide, aluminum oxide, and complex metal oxide 
used in the mixture was selected to provide 50% by mass 
complex metal oxide formed by the decomposition of com 
plex metal carbonate and 50% by mass calcium aluminate 
formed by in-situ reaction of calcium oxide and alumina. The 
calcium carbonate particles were less than 10 microns as were 
the aluminum dioxide particles. 
0200. The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C., then calcined in three steps in a 
controlled manner. The pellets were heated at 2°C./minute 
from room temperature to 600° C. in a furnace in air. The 
calcination temperature was maintained at 600° C. for 30 
minutes to consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 600° C. 
to 700° C. The greenpellets were maintained at 700° C. for 30 
minutes to further consolidate the structure of the pellets. The 
green pellets were then heated at a heating rate of 5° 
C./minute from 700° C. to 1000° C. The green pellets were 
maintained at 1000° C. for 2 hours to form calcium titanate 
in-situ. The green pellets were then cooled down to room 
temperature to form the pellets in final form. 
0201 The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 11 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets retained their size and shape. The initial and final 
diameter of pellets was about 1.1 mm. The initial crush 
strength of the pellets was 4.1 lb/mm. It did not change after 
50 cycles. 

EXAMPLE 23 

0202 The pellet preparation procedure described in 
Example 22 was repeated using the same amounts of ingre 
dients in the mixture with the exception of adding -2 g of 
magnesium carbonate into the mixture. Magnesium carbon 
ate decomposed during calcination to produce magnesium 
oxide, help the calcination process, and improve crush 
strength of the pellets. The magnesium carbonate particles 
were less than 10 microns. 

0203 The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C. and calcined using the procedure 
described in Example 22. 
0204 The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO, 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750°C. These pellets showed a slightly 
higher initial CO sorption capacity of about 15 mass %. The 
CO Sorption capacity of the pellets did not change even after 
50 cycles. The pellets retained their size and shape. The initial 
and final diameter of pellets was about 1.1 mm. The initial 
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crush strength of the pellets was 3.7 lb/mm. It increased to 
about 4.5 lb/mm after 50 cycles. 

EXAMPLE 24 

0205. In this example, pellets were formed according to 
the method of making a complex metal oxide-containing 
pellet. A mixture was prepared by mixing about 65 g complex 
metal carbonate, about 54 g calcium carbonate, which was 
equivalent to 0.45 moles of CaO, about 33.5 g aluminum 
oxide in the form of boehmite, 2 g Methocel as a pore former, 
and about 52 g water. The complex metal carbonate was 
sieved to pass through 200 US mesh screen prior to its use, 
resulting in complex metal carbonate particles less than about 
74 microns. Boehmite contained about 75% pure aluminum 
oxide. So, the amount of aluminum oxide used was about 0.25 
moles. The amounts of calcium oxide and alumina were 
selected to form in-situ calcium aluminate binder having an 
effective composition of about 11 CaO.6Al-O (likely a mix 
ture of dodecacalcium hepta-aluminate and monocalcium 
aluminate) during calcination. The mass of calcium oxide, 
aluminum oxide, and complex metal oxide used in the mix 
ture was selected to provide 50% by mass complex metal 
oxide formed by the decomposition of complex metal car 
bonate and 50% by mass calcium aluminate formed by in-situ 
reaction of calcium oxide and alumina. The calcium carbon 
ate particles were less than 10 microns as were the aluminum 
dioxide particles. 
0206. The mixture was used to prepare /16 inch diameter 
green pellets by extruding in a one-inch extruder. The green 
pellets were dried at 120° C., then calcined in three steps in a 
controlled manner. The pellets were heated at 2°C./minute 
from room temperature to 600° C. in a furnace in air. The 
calcination temperature was maintained at 600° C. for 30 
minutes to consolidate the structure of the green pellets. The 
green pellets were then heated at 0.5°C./minute from 600° C. 
to 700° C. The greenpellets were maintained at 700° C. for 30 
minutes to further consolidate the structure of the pellets. The 
green pellets were then heated at a heating rate of 5° 
C./minute from 700° C. to 1000° C. The green pellets were 
maintained at 1000° C. for 2 hours to form calcium titanate 
in-situ. The green pellets were then cooled down to room 
temperature to form the pellets in final form. 
0207. The pellets were tested by exposing them to 50 
cycles of the CO, sorption/desorption cycle test in the TGA 
using a humidified atmosphere described above for the CO 
Sorption/desorption cycle test. Both the sorption and desorp 
tion was carried out at 750° C. These pellets showed an initial 
CO, sorption capacity of about 16 mass %. The CO, sorption 
capacity of the pellets did not change even after 50 cycles. The 
pellets retained their size and shape. The initial and final 
diameter of pellets was about 1.2 mm. The initial crush 
strength of the pellets was 3.4 lb/mm. It did not change after 
50 cycles. 
0208. The structure of the pellets made according to the 
examples were analyzed by conventional techniques, such as 
X-ray diffraction, to try to determine a characteristic to 
describe the structural differences between those that had a 
suitable crush strength and those that did not. The structure of 
the pellets that retain their crush strength is different but other 
than the crush strength itself, no discernable characteristic 
was found by the conventional techniques. 
0209 Although the present invention has been described 
as to specific embodiments or examples, it is not limited 
thereto, but may be changed or modified into any of various 
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other forms without departing from the scope of the invention 
as defined in the accompanying claims. 
We claim: 
1. A reactor for producing a hydrogen-containing gas com 

prising: 
a bed containing complex metal oxide-containing pellets 

and optionally containing steam-hydrocarbon reform 
ing catalyst pellets wherein at least a portion of the 
complex metal oxide-containing pellets comprise at 
least one metal selected from the group consisting of Pt. 
Rh and Pd when the bed does not containsteam-hydro 
carbon reforming catalyst pellets and wherein the com 
plex metal oxide-containing pellets optionally comprise 
the at least one metal when the bed does contain steam 
hydrocarbon reforming catalyst, and wherein the com 
plex metal oxide-containing pellets comprise: 
30 to 85 mole % of one or more binding agents selected 

from the group consisting of calcium titanate and 
calcium aluminate; and 

15 to 70 mole % of one or more complex metal oxides 
wherein the one or more complex metal oxides are rep 
resented by the formula 
ABO 
3-' - a 

wherein A represents at least one metallic element hav 
ing an oxidation state ranging from +1 to +3, inclu 
sive, wherein the at least one metallic element is 
capable of forming a metal carbonate; X is a number 
from 1 to 10, inclusive; B represents at least one 
metallic element having an oxidation state ranging 
from +1 to +7, inclusive; y is a number form 1 to 10, 
inclusive; and n represents a value Such that the com 
plex metal oxide is rendered electrically neutral; and 

wherein the complex metal oxide-containing pellets 
have a crush strength of 1 to 15 lbf/mm as determined 
in accordance with ASTM standard test method D 
6175-03. 

2 The reactor of claim 1 wherein the complex metal oxide 
containing pellets have a structure wherein the crush strength 
is retained within 1 to 15 lbf/mm after 50 cycles of reduction 
and oxidation in a process of producing hydrogen. 

3. The reactor of claim 1 wherein the calcium titanate is 
formed by reaction of at least one calcium precursor and TiO, 
in a mixture with one or more complex metal carbonates 
associated with the one or more complex metal oxides. 

4. The reactor of claim 1 wherein the calcium aluminate is 
formed by reaction of at least one calcium precursor and at 
least one of alumina and aluminum hydroxide in a mixture 
with one or more complex metal carbonates associated with 
the one or more complex metal oxides. 

5. The reactor of claim 1 wherein the complex metal oxide 
containing pellets comprise 15 to 70 mole % of a single 
complex metal oxide. 

6. The reactor of claim 1 wherein A in the one or more 
complex metal oxides represents at least one metallic element 
selected from the group consisting of elements of Groups 1,2, 
and 3, and the Lanthanide elements of the IUPAC Periodic 
Table of the Elements; and B represents at least one metallic 
element selected from the group consisting of elements of 
Groups 4 to 15 of the IUPAC Periodic Table of the Elements. 

7. The reactor of claim 1 wherein B in the one or more 
complex metal oxides is selected from the group consisting of 
Vanadium, chromium, manganese, iron, cobalt, copper, 
nickel, and mixtures thereof. 
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8. The reactor of claim 1 wherein the one or more complex 
metal oxides are selected from CaMnFeCos, CaMnFe(O. 
CaCo-Os, CaMn2Os, MgCaFeMnOs, SrCooa FeoCuOo. 
2Os, Sr. NiOs, LaNiO, CaFeOs, and Sr.,MnOs. 

9. The reactor of claim 1 wherein the complex metal oxide 
containing pellets comprise 0.1 to 10 mass % of the at least 
one metal selected from the group consisting of Pt, Rh, and 
Pd. 

10. The reactor of claim 1 wherein: 

A is A, Ca,Mg, 
B is B', Mn, Fe: 
where A represents at least one element selected from the 

group consisting of Sr, Ba, a Group 1 element, and an 
element of the Lanthanide series according to the 
IUPAC Periodic Table of the Elements; B' represents at 
least one element selected from the group consisting of 
Cu, Ni, Co, Cr, and V: 

OsX is 1,0sX2s 1,0sXss 1, wherein X+X2+Xs=X; 
Osys 1,0sys 1,0sys 1, wherein y+y+y=y; 
1sxs 10; and 
1sys10. 
11. A method of producing a hydrogen-containing gas 

comprising: 
reacting at least one hydrocarbon with steam in a bed 

containing complex metal oxide-containing pellets and 
optionally containing steam-hydrocarbon reforming 
catalyst pellets in a production step under reaction con 
ditions Sufficient to form hydrogen gas and reduced 
complex metal oxide-containing pellets, wherein at least 
a portion of the complex metal oxide-containing pellets 
comprise at least one metal selected from the group 
consisting of Pt, Rh and Pd when the bed does not 
contain steam-hydrocarbon reforming catalyst pellets 
and wherein the complex metal oxide-containing pellets 
optionally comprise the at least one metal when the bed 
does containsteam-hydrocarbon reforming catalyst, and 
wherein the complex metal oxide-containing pellets 
comprise: 

30 to 85 mole% of at least one binding agent selected from 
the group consisting of calcium titanate and calcium 
aluminate; and 

15 to 70 mole % of one or more complex metal oxides 
wherein the one or more complex metal oxides are rep 
resented by the formula 
ABO, 
wherein A represents at least one metallic element hav 

ing an oxidation state ranging from +1 to +3, inclu 
sive, wherein the at least one metallic element is 
capable of forming a metal carbonate; X is a number 
from 1 to 10, inclusive; B represents at least one 
metallic element having an oxidation state ranging 
from +1 to +7, inclusive; y is a number form 1 to 10, 
inclusive; and n represents a value Such that the com 
plex metal oxide is rendered electrically neutral; and 

wherein the complex metal oxide-containing pellets have a 
crush strength of 1 to 15 lbf/mm as determined in accor 
dance with ASTM Standard test method D 6175-03. 

12. A process of producing a hydrogen-containing gas 
comprising: 

(a) providing a reactor containing a bed comprising com 
plex metal oxide-containing pellets and optionally com 
prising steam-hydrocarbon reforming catalyst pellets 
wherein at least a portion of the complex metal oxide 
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containing pellets comprise at least one metal selected 
from the group consisting of Pt, Rh and Pd when the bed 
does not contain steam-hydrocarbon reforming catalyst 
pellets and wherein the complex metal oxide-containing 
pellets optionally comprise the at least one metal when 
the bed does containsteam-hydrocarbon reforming cata 
lyst, and wherein the complex metal oxide-containing 
pellets comprise: 

30 to 85 mole% of at least one binding agent selected from 
the group consisting of calcium titanate and calcium 
aluminate; and 

15 to 70 mole % of one or more complex metal oxides 
wherein the one or more complex metal oxides are rep 
resented by the formula 

ABO, 

wherein A represents at least one metallic element hav 
ing an oxidation state ranging from +1 to +3, inclu 
sive, wherein the at least one metallic element is 
capable of forming a metal carbonate; X is a number 
from 1 to 10, inclusive; B represents at least one 
metallic element having an oxidation state ranging 
from +1 to +7, inclusive; y is a number form 1 to 10, 
inclusive; and n represents a value Such that the com 
plex metal oxide is rendered electrically neutral; and 

wherein the complex metal oxide-containing pellets 
have a crush strength of 1 to 15 lbf/mm as determined 
in accordance with ASTM standard test method D 
6175-03; 

(b) in a production step, introducing steam and a feed gas 
containing at least one hydrocarbon into the reactor, 
reacting the at least one hydrocarbon and the steam in the 
bed under reaction conditions sufficient to form hydro 
gen and reduced complex metal oxide-containing pel 
lets, and withdrawing a product gas comprising hydro 
gen from the reactor, 

(c) in a regeneration step, regenerating the reactor by react 
ing the reduced complex metal oxide-containing pellets 
and an oxygen source gas under reaction conditions 
Sufficient to oxidize the complex metal oxide-containing 
pellets; and 

(d) repeating (b) and (c) in a cyclic manner. 
13. The process of claim 12 wherein the complex metal 

oxide-containing pellets have a structure wherein the crush 
strength is retained within 1 to 15 lbf/mm after 50 of the 
production steps and 50 of the regeneration steps. 

14. The process of claim 12 wherein the calcium titanate is 
formed by reaction of at least one calcium precursor and TiO2 
in a mixture with one or more complex metal carbonates 
associated with the one or more complex metal oxides. 

15. The process of claim 12 wherein the calcium aluminate 
is formed by reaction of at least one calcium precursor and at 
least one of alumina and aluminum hydroxide in a mixture 
with one or more complex metal carbonates associated with 
the one or more complex metal oxides. 

16. The process of claim 12 wherein the complex metal 
oxide-containing pellets comprise 15 to 70 mole% of a single 
complex metal oxide. 

17. The process of claim 12 wherein the complex metal 
oxide-containing pellets further comprise 0.1 to 10 mass % of 
at least one metal selected from the group consisting of Pt, Rh, 
and Pd. 
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18. The process of claim 12 wherein: 
A is A. CaMg, 

2 3 

B is B", Mn, Fe: 
where A represents at least one element selected from the 

group consisting of Sr, Ba, a Group 1 element, and an 
element of the Lanthanide series according to the 
IUPAC Periodic Table of the Elements; B' represents at 
least one element selected from the group consisting of 
Cu, Ni, Co, Cr, and V: 

Osys 1,0sys 1,0sys 1, wherein y+y+y=y; 
1sxs 10; and 
1sys10. 
19. A complex metal oxide-containing pellet comprising: 
30 to 85 mole% of at least one binding agent selected from 

the group consisting of calcium titanate and calcium 
aluminate; and 

15 to 70 mole % of one or more complex metal oxides 
wherein the one or more complex metal oxides are rep 
resented by the formula 
ABO, 

wherein A represents at least one metallic element having 
an oxidation state ranging from +1 to +3, inclusive, 
wherein the at least one metallic element is capable of 
forming a metal carbonate; X is a number from 1 to 10, 
inclusive; B represents at least one metallic element 
having an oxidation state ranging from +1 to +7, inclu 
sive; y is a number form 1 to 10, inclusive; and n repre 
sents a value such that the complex metal oxide is ren 
dered electrically neutral; and 

wherein the complex metal oxide-containing pellet has a 
crush strength of 1 to 15 lbf/mm as determined in accor 
dance with ASTM Standard test method D 6175-03. 

20. The complex metal oxide-containing pellet of claim 19 
having a structure wherein the crush strength of the complex 
metal oxide-containing pellet is retained within 1 to 15 lbf/ 
mm after 50 cycles of CO., sorption and CO desorption 
wherein the CO2 sorption is by exposing the complex metal 
oxide-containing pelletto a humidified reducing gas compris 
ing 3 to 4 vol.% H, 93 to 94 vol.% CO, and 2 to 3 vol.%HO 
at 750° C. and CO desorption is by exposing the complex 
metal oxide-containing pellet to humidified air comprising 2 
to 3 vol.% HO at 750° C. 

21. The complex metal oxide-containing pellet of claim 19 
made by a method comprising the steps of 

(a) preparing a mixture, the mixture comprising: 
at least one complex metal carbonate in an amount to 

provide the 15 to 70 mole % of the one or more 
complex metal oxides in the complex metal oxide 
containing pellet; 

at least one calcium precursor in an amount to provide 
the 30 to 85 mole% of the one or more binding agents 
in the complex metal oxide-containing pellet; 

at least one of TiO, Al-O, Al(OH) and AlO(OH) in an 
amount to provide the 30 to 85 mole % of the one or 
more binding agents in the complex metal oxide 
containing pellet; and 

28 to 36 mass % water; 
(b) forming a green pellet from the mixture; 
(c) heating the green pellet from a first temperature to a 

second temperature at a first average heating rate of 0.1° 
C./minute to 10° C./minute, 
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wherein the first temperature is withina first temperature 
range wherein the first temperature range is between 
5° C. and 50° C., and 

wherein the second temperature is a minimum tempera 
ture of a second temperature range, the second tem 
perature range extending from the minimum tempera 
ture of the second temperature range to a maximum 
temperature of the second temperature range wherein 
the minimum temperature of the second temperature 
range is 600° C. and the maximum temperature of the 
second temperature range is 750° 0C.; 

(d) maintaining the green pellet within the second tempera 
ture range for a first time period of between 15 minutes 
and 4 hours; 

(e) heating the green pellet from the maximum temperature 
of the second temperature range to a third temperature at 
a second average rate of 0.1°C/minute to 10°C/minute, 
wherein the third temperature is a minimum temperature 

of a third temperature range, the third temperature 
range extending from the minimum temperature of 
the third temperature range to a maximum tempera 
ture of the third temperature range wherein the mini 
mum temperature of the third temperature range is 
900° C. and the maximum temperature of the third 
temperature range is 1050° C.; 

(f) maintaining the green pellet within the third tempera 
ture range for a second time period of between 15 min 
utes and 4 hours; and 

(g) cooling the green pellet to a fourth temperature, 
wherein the fourth temperature is within a fourth tem 
perature range wherein the fourth temperature range is 
between 0° C. and 50° C., to make the complex metal 
oxide-containing pellet; 

wherein the green pellet is exposed to an atmosphere com 
prising oxygen during at least one of steps (a) through (f). 

22. The complex metal oxide-containing pellet of claim 21 
wherein the green pellet is exposed to the atmosphere com 
prising oxygen during all of steps (a) through (f). 

23. The complex metal oxide-containing pellet of claim 21 
wherein the mixture further comprises 0.1 to 10 mass % of at 
least one metal selected from the group consisting of Pt, Rh, 
and Pd. 

24. The complex metal oxide-containing pellet of claim 21 
wherein the complex metal carbonate is represented by the 
formula 

A.B.(CO3), 
wherein A represents at least one metallic element having 

an oxidation state ranging from +1 to +3, inclusive, 
wherein the at least one metallic element is capable of 
forming a metal carbonate; X is a number from 1 to 10, 
inclusive; B represents at least one metallic element 
having an oxidation state ranging from +1 to +7, inclu 
sive; y is a number form 1 to 10, inclusive; and m 
represents a value Such that the complex metal carbonate 
is rendered electrically neutral. 

25. The complex metal oxide-containing pellet of claim 21 
wherein the calcium precursor is selected from the group 
consisting of CaO, CaCO, Ca(OH), Ca(NO), and 
Ca(CH-CO). 


